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PREFACE 


On September 25» 1979, the Soviet Union launched Cosmos U29, an unmanned 
spacecraft carrying biological and radiation physics experiments from nine 
countries, IncVudihg fourteen from the United StateSf the launch marked 
the third time the Soviet Union has flown US experiments aboard one of Its 
unmanned spacecraft. The first two. Cosmos 782 and 936, were launched 
November 1975 and August 1977, respectively. 

Cooperation between the US and USSR In the area of Space Biology and Medi- 
cine began In 1971 with the signing of the US/USSR Science and Applications 
Agreement. A Joint Working Group for Space Biology and Medicine was estab- 
lished and met periodically to exchange Information obtained during space- 
f)l1ghts and to discuss problems and topics of mutual scientific Interest, 
ih October of 1974, during the fifth meeting of the Joint Working Group, 
the Soviets offered to fly US experiments aboard an unmanned spacecraft 
which was scheduled for launch during the winter of 1975. The US accepted 
this offer and submitted experiment proposal s to the Soviets. A group of 
11 experiments was selected and subsequently flown on Cosmos 782 which re- 
mained In orbit 19.5 days. Since Cosmos 782, the US has flown seven exper- 
iments on Cosmos 936 and fourteen experiments on the most recent joint US/ 
USSR venture. Cosmos 1129. 

Cosmos 1129, like the Cosmos 782 and 936 flights, contained experiments 
which were directed at determining the effects of spacefl Ight on a variety 
of biological specimens, Including animals, plants, and Insects. Although 
all three of these Cosmos flights were unmanned, many of the experiments 
they contained focused on probl ems common to both man and animal s during 
prol onged spaceflight. Rats, for example, were used to Investigate alter- 
ations In normal bone chemistry, muscle structure, and general physiology 
resulting from spaceflight, alterations that have been observed In both 
astronauts and cosmonauts during and following stays In space. Rats were 
al so used, together with a variety of other biological and nonblological 
material , to measure cosmic radiation and assess Its potential hazard to 
man during prolonged spaceflights. 

The scientific results of U.S. experiments flown on Cosmos 1129 are pre- 
sented in two separate volumes; one entitled, "Final Reports of U.S. Plant 
and Radiation Dosimetry Experiments Flown on the Soviet Satellite, Cosmos 
1129," and the other entitled, "Final Reports of U.S. Rat Experiments Flown 
on the Soviet Satellite, Cosmos 1129." As evidenced by the scientific 
resul ts presented In these volumes, the Cosmos 1129 mission has made a 
substantial contribution to Space Biology and Medicine. In addition, a 
low-cost systematic approach to the development, testing, and utilization 
of experimental hardware has been establ Ished which will be applied to the 
preparation of US biological experiments for flight aboard the Space 
Shuttle. But perhaps the most Important result derived from the Joint 
US/USSR Biological Satellite Program has been the level of International 
cooperation achieved. American and Soviet scientists and engineers working 
together overcame the difficulties of language and logistics to conduct 
spaceflight experiments, share the results, and discuss their significance. 
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It has been a pleasure to have taken part in this program and, on behalf of 
all members of the NASA and the scientific community who partlclpateti in 
the Cosmos 1129 mission, I would nice to extend our sincere thenks to the 
Soviet government for making our participation possible and to our Soviet 
colleagues for their devoted assistance In the execution of our experi- 
ments. 


Kenneth A. Souza 
Manager, Cosmos Proiject 
NASA-ARC 
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Abstract 


On September 25| 1979» the Soviet Union launched Cosmos 1129, an unmanned 
spacecraft carrying biology and physics experiments from 9 countries 
Including both the Soviet Union and the U.S»A. The launch marked the third 
time the Soviet Union has flown O.S. experiments aboard one of Its unmanned 
spacecraft. The first was Cosmos 782 In November 1975 and the second, 
Cosmos 936 In August 1977. All three flights have carried a variety of 
biological species and remained In orbit approximately 19 days. Aboard 
Cosmos 1129 were: 1) 30 young male Wistar SPF rats used for a wide range of 
physiological studies, 2) experiments with plants, fungi, insects, and 
mamnal Ian tissue cultures; 3) radiation physics experiments ; 4) a heat 
convection study i 5) a rat embryology experiment in which an attempt was 
made to breed 2 male and 5 female rats during the flight; and 6) fertile 
quail eggs used to determine the effects of spacefl Ight on avian 
embryogenesis. After 18.5 days In orbit the spacecraft 1 anded In Central 
Asia where a Soviet recovery team began experiment operations. Including 
animal autopsies, within a few hours of landing. Seven animals were 
autopsled at the recovery site and the remainder returned to Moscow for 
readaptation studies. Specimens for US experiments were Initially prepared 
at the recovery site or in Moscow and transferred to US laboratories for 
complete analyses. An overview of the mission focusing on prefllght, 
on-orbit, and postflight activities pertinent to the fourteen US 
experiments aboard Cosmos 1129 Is presented. 


Introduction 


A series of Soviet Biological Satellites has been launched at approximately 
2-year Intervals^ beginning with Cosmos 605 In 1973. Participation of the 
United States began In 1975 with the third mission (Cosmos 782), by 
Invitation of the USSR. The fifth and most recent mission. Cosmos 1129, 
was launched September 25 and recovered 18.5 days later on October 14, 1979 
(Table I). The principal objective of the Cosmos missions is to determine 
the effects of spaceflight on biological materials, focusing on biomedical 
problems observed In both men and animals duHng spaceflight, Areas of 
special Interest Include muscle atrophy, space sickness, bone mineral loss, 
radiation, and plant growth and development. Cosmos 1129 differed from 
previous missions in providing an opportunity to study the progeny of rats 
bred during spaceflight and the development of Japanese quail embryos 
during weightlessness*. 

Nine countries participated in the Cosmos 1129 mission. In addition to 
experiments from the US and USSR, the mission Included experiments from 

*A1 though the term ''vw/lghtlessness" Is used here and In other reports of 

this volume, it should be noted that complete weightlessness (the absence 

of all accelerations) was not achieved. The spacecraft rotated in orbit 

and imparted accelerations to experiments located at the edge of the 

-7 -4 

spacecraft of 1.7 x 10 to 1.5 x 10 x g. Accelerations to rats were 
actually lower because rat holding units were located near the center of 
the spacecraft. These accelerations are generally thought to be below the 
threshold of biological sensitivity. 
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Czechoslovakia, France, Hungary, Poland, Rumania, BuTRarla, and the German 
Democratic Republic* Every attempt was made to maximize the scientific 
return from the mission and, to this end, investigators from the nine 
participating countries examined virtually every organ and piece of tissue 
from all the specimens flown. Exemplifying such attempts were the wide 

variety of experiments performed on the rats. Approximately 50 experiments 

I 

were conducted with the rats, involving over 100 scientists. A short i 
descriptive title and the sponsoring country for these skperiments Is g/(ven 
In Table 2. Table 3 lists the participating institutions from each 
country. 

The involvement in the mission of scientists from countries other than the 
USSR was much the same. In nearly all cases, Soviet scientists were 
trained by the principal Investigators to perform preflight and postflight 
procedures (e.g., drug Injections, blood sample eollection, tissue removal 
and preparation), required for various experiments. Following the flight, 
a team of Soviet scientists and engineers were transported to the satellite 
landing site where a portabl e field laboratory was set up. Experimental 
procedures at the recovery sites were designed to obtain and process tissue 
specimens to a point where they could be frozen or preserved and 
subsequently sent to the principal Investigators for analysis. 

In the following sections of this chapter, a general description of the 
Cosmos 1129 mission operations, particularly those pertinent to US 
experiments, is presented and will provide a foundation for understanding 
and interpreting the reports of US experiments contained in this volume. 
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The pre- and post^flight activities performed In support of non-US 
experlmentSt and which had no Impact on them, wilt appear In the Soviet 
final mission report and were not Included here» 

THE SPACECRAFT 

A modified Vostok spacecraft similar to that used for previous biological 
satellites. Cosmos 605, 690, 782, and 936 as well as the early Soviet 
manned spaceflights, was used for the Cosmos 1129 mission. It was a 
spherical craft approximately 2.5 meters in diameter with a 900 Kg 
payload and a gross weight of approximately 2250 Kg (Fig. 1). During 
flight, the power required by the spacecraft was supplied fay batteries. 

The atmosphere within the trjft was maintained at approximate sea level 
conditions. Total pressure averaged 780 mm throughout the flight, with a 
pOg of 135-212 nni mercury and a pCO^ of up to 7 mm. Rel ative humidity 
within the spacecraft during flight was 56-66%. Gaseous Impurities 
generated within the cabin, e.g., ammonia and methane, were kept at low 
levels by circulating cabin air through cannisters containing absorbent 
materials. Ambient temperature within the spacecraft during flight ranged 
from 22-25®C. 

Within the spacecraft, biological specimens and experiments were contained 
in a variety of hardware. Of primary interest to US Investigators were the 
rat holding units (Fig. 2). Rats were held throughout the flight in 
Individual cages, each containing Its own light, food, water, air 
circulating, and waste management systems. Each cyl Indrically shaped cage 
was approximately 200 mm deep and 100 mm in diameter. Light was regulated 
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to « 12/12 hour light/ dark cycle with a 2-1 uK Intensity within each cage* 
Ten-gram quantities of a special paste diet were provided to the animals 
four tlmes/d-fty at 6-hour Intervals throughout the flight. This same diet 
was provided to both flight and ground control animals. All animals were 
placed on this diet approximately 10 days before launch and hept On th© 
diet throughout the flight and 29-day recovery phases of the mission. 

Water was provided ad libitum at all times. Cabin air was drawn Into each 
cage at the rear and was dispersed from the cage celling through a series 
of holes In a plastic cage liner. The air flow passed downward over the 
animal, forcing animal wastes and debris Into a waste collection trap which 
rotated to present a clean trap to the animal at 2-day Intervals, Air 
passing through the waste trap was then circulated through activated 
charcoal filters and returned to the cabin. Surrounding the plastic cage 
liner was a wire coll through which an electric current was passed and 
changes In current were monitored as the animal moved through the cage and 
the data used to determine gross motor activity during flight. 


In addition to the 30 cages described above, the spacecraft contained a 
rodent mating chamber which housed 5 female and 2 male rats (Fig. 3). The 
chamber was partitioned into two sections which segregated the males from 
the females until day two of flight whereupon two doors in the partition 
were opened, permitting males and females to mingle. The dimensions of the 
male chamber were 17.0 cm x 20.0 cm x 16.0^^^^®^^ of the female chamber , 
48.0 cm X 20.0 cm X 16.0 cm. Within the chamber the animals had access to 
8 feeding stations, each of which presented approximately 10 gram aliquots 
of the standard paste diet at 6 hour intervals throughout the flight. The 
light/dark regimen was the same as that used for the standard rat cages. 



The Cosmos 1129 payload consisted of: 


0 Rats 

Thirty male Wistar specific pathogen free (SPF) rats were obtained from 
the Institute of Experimental Endocrinol ogy of the Slovakian Academy of 
Sciences, BratlsTava, Czechoslovakia. These animals were used for a 
wide variety of physiological studies. The rats were approxImateTy 8S 
days old and weighed an average of 300 gms at the start of the 
experiments. 

These thirty male rats were divided Into five groups: 

Group 1 - 7 rats 
Group 2 - 6 rats 
Group 3 - 7 rats 
Group 4 - 5 rats 
Group 5 - 5 rats 

Following spacecraft recovery, animal s In Group 1 were sacrificed 7-11 
hours after the spacecraft landed; Group 2 and 3 animals were sacrificed 
six days postflight; Group 4 animals were sacrificed 29 days postflight; 
and Group 5 animals were sacrificed 32 to 37 hours postfl Ight. 
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In addition* there were 5 f emal e Mistar SPF rats and 2 males which 
constituted the rodent embryology experiment. Both males and females 
were proven breeders and their approximate weights at launch were 340 
gms and 260 gms* respectlveTy. 

0 Plants and Fungi 

Carrots ( Daucus carota ) were used as a substrate for the growth of Crown 
Gall tumors and as a source of totipotent single cells and small 
plantlets. Tumor growth was used to assess the effects of spaceflight 
on the rate of cellular metabolism. The carrot cell culture was used to 
determine If spaceflight affected plant growth and de'islopment. 

In addition to carrots, small sprouts ( Arabldopsis thallana ) and corn 
seedlings (Zea mays ) were flown to Investigate the growth and 
development of these species. A multi nucleated fungus, ( Physarum 
polycephalum ) was flown to determine If fungal migration over the solid 
surface of the growth medium was affected by weightlessness. 


0 Insects 


A gravity-gradient experiment with the fruit fly. Drosophila 
melanogaster was designed by Soviet scientists to determine if a gravity 
preference could be detected in this species. Drosophila eggs were 
placed in a feeding dish at the hub of a centrifuge (Fig. 4)4 
Connecting the hub to the perimeter of the centrifuge were four tubes 
inside of which were three food dishes placed along the tube so that 


when the centrifuge rotated at 53 rp<n the gravity levels at the three 
dishes were 0.3g* 0.6g and 1.00. Flies hatched on the first: day of 
flight were free to move along the tubes and select the feeding site of 
preference. Post flight the quantity of eggs and pupal cases found in 
each feeding dish showed that there was no gravity preference. 

0 Japanese Quail 

Fertilized eggs of the Japanese Quail ( Coturnix coturntx ) were flown to 
determine the effects of spaceflight on avian embryological development. 

0 Mammalian Cell Cultures 


Cultures of Chinese hamster and mouse cells were used to determine if 
weightlessness and/or radiation experienced during spaceflight affect' ' 
their metabol ism and reproduction. 


0 Radiation Physics Experiments 

Radiation physics experiments consisted of dosimetry using biological 
and nonbiological materials to measure the radiation environmc/nt inside 
and outside the spacecraft, and radiation shielding studies to evaluate 
electrostatic and dielectric techniques for reducing the level of cosmic 
radiation within the spacecraft. 

0 Heat Exchange Experiment 


An experiment was designed and flown to study the process of heat 
exchange between a heated surface and the spacecraft cabi n air during 
spaceflight. 9 








MISSION OPERATIONS 


In support, of the investigations aboard the spacecraft, two different types 
of ground controls were performed: the Synchronous Control and the Vivarium 
Control « The Synchronous Control attempted to provide an envirorifnent as 
similar as possible to that experienced by the biolOgicaT specimens during 
spaceflight. A spacecraft mockup was loaded with all of the experiments , 
and specimens were housed in the same type of hardware as that used for 
fl ight (Figure 5). Food, water , lighting, temperature, humidity, and 
airflow were similar for both flight and control groups. 

Five days after launch, the Synchronous Control was initiated (September 
30, 1979). Animals were subjected to launch stresses similar to those 
experienced during the actual launch. The noise level was raised to llO db 
and a vibration frequency of 50-70 Hz at an amplitude of 0.4 niii was applied 
to animal holding units for 10 minutes. Immediately following noise and 
vibration stresses, animals were subjected to acceleration for a period of 
10 minutes with a plateau of 4 x g for 7 minutes. 

After completion Of the Synchronous control on October 19, 1979, reentry 
stresses were applied to the animals. Those in Groups 4 and 5 were first 
accelerated for 5 minutes to a plateau of 6 x g for 3 minutes on a 
centrifuge, and subsequently subjected to an impact shock with a magnitude 
of 50 X g and a duration of 10 msec. Animal s in the embryol ogy experiment 
and in Groups 1, 2, and 3 received only the 50xg impact shock. Following 
the application of reentry stresses, the animal s as well as all other 
biological specimens, were handled exactly as the flight specimens. 


,. .n.,... . ''”7' ' "'mi^iiiiii irthiiiiaiii m ' 


The purpose of the Vivarium control was to provide a group of minimally 
stressed animals for comparison with the Flight and Synchronous Control 
groups. Groups 1, 2, 3 and 5 animals were housed individually in polyvinyl 
cages (18 x 18 x 12.5 cm) and maintained in that arrangement throughout the 
flight and postflight periods. Group 4 animals were housed 2-3 per 
standard vivarium cage (55 x 19.5 x 33 cm) during the flight and postflight 
phases except on days 3, 8 and 13 postflight when the animals were housed 
for 36 hours in special metabolic cages 18 x 18 x 12.5 cm. A paste diet 
identical to that provided to the Flight and Synchronous Control animals 
was provided to the animals once per day in 40 gm/animal quantities during 
the preflight and on-orbit phases of the mission; 45 gm/animal was provided 
once per day during the readaptation period. 

In order to simplify information transfer among the many scientists 
conducting experiments with rats, a common identification code for the rats 
was established. The code, which is used extensively in the scientific 
reports which follow, consists of three characters, "A B C", where A is the 
group number (1-5), B is the test condition (F-flight, S-Synchronous 
Control, V-Vivarium Control, and. FB or SB— a special preflight basal 
control group for bone experiments), and C is the rat number. 

Thus, the rat designated "l-F-l" was a member of Group 1 which flew in 
space and was designated rat number 

Prelaunch Activities 


Wistar SPF male rats which comprised the reservoir of experimental animal s, 
were shipped frqn the Institute of Endocrinology, Slovakian Academy of 
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Sciences, Bratislava, Czechoslavakia to Moscow during August 1979. In 
Moscow the animals were placed in a vivarium at the Institute of Biomedical 
Problems with approximately 5 rats per cage, held at an ambient temperature 
of 22 + 2*^0, a relative humidity of 80 + 5% and a 12-hour light day. 

During the preflight period, Flight and Control specimens were prepared 
similarly, e.g., injections, surgery, etc. For example, five Group 4 
flight rats and a similar number of animals in the Synchronous control had 
body temperature transmitters surgically implanted within their peritoneal 
cavities approximately 1 month before launch. Table 4 lists some of those 
preflight activities of general interest and those relevant to one or mo»*e 
US experiments. 

While in the vivarium* the general health of each animal was monitored 
through daily examinations. Selection of the animals for the experiments 
consisted of an initial stage when cl ini cal ly healthy animal s were 
segregated for preparation for specific experiments. Final selection of 
animals was carried out during the last few days before launch, after 
completion of all required injections and surgery. 

Approximately 2 weeks before the start of the Flight and Control 
experiments, all animals were switched from a pellet/seed diet fed ad 
libitum to the same paste diet which was used during the flight. Forty 
grams of the paste diet were provided once a day for each animal and water 
was provided ad libitum . The composition of this diet is giver, in Table 5. 


On-Orbit Activities 


On Septembei* 25, 1979, at 6:30 p»m> (Moscow time). Cosmos 1129 was launched 
into an elliptical orbit with a perigee of 226 km, an apogee of 406 km, an 
orbital inclination of 62.8°, and a period of 90.5 minutes. In parallel 
with the launch, the Vivarium Control commenced at the Institute of 
Biomedical Problems in Moscow. Five days later, on September 30, the 
Synchronous Control was initiated. 

During the 18.5 day flight, animals were fed and cared for as previously 
described. Total gross body movement of the Flight and Synchronous Control 
animals was monitored for 2 hour blocks of time on odd-numbered days 
throughout the flight phase of the mission* Body temperature was obtained 
from the Group 4 animals by bio- telemetry on even-numbered flight days* On 
the second day of the flight, the divider separating male and female rats 
in the rat embryology experiment was opened and remained opened throughout 
the remainder of the mission. On the seventh day of flight the temperature 
of the quail egg incubator v/as elevated from the spacecraft ambient of 
22-25°C to approximately 37°C. Simultaneously, the relative humidity in 
the Incubator was raised to about 80%. Unfortunately, the humidity control 
system failed in this f light incubator on day thirteen of flight resulting 
In a serious drop in the humidity which detrimentally affected the 
developing embryos. 


On flight day 10, the llght/dark cycle^w^ reversed in the cages of the 
Group 4 animals. The reversal was accomplished by subjecting the animal s 
to 24 hours of darkness. This shift in the light/dark cycle was performed 
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as part of a study to detennJine if spaceflight affected the biorhythm of 
these animals and their ability to adapt to an altered day/night cycle. 
After the flight* these animals were maintained at the inverted light 
regime. 

Postflight Activities 

On October 14, 1979, at 7;59 a.m. (Moscow time), Cosmos 1129 touched down 
near the central Asian city of Kustanay. Within several hours a recovery 
team consisting of Soviet scientists and engineers arrived at the scene and 
began assembling a field laboratory (Figs. 6 and 7). The general condition 
of animals postflight was good. They gained an average of 47 gms during 
the flight as compared to 54 and 59 gms for Synchronous and Vivarium 
control animals, respectively. 

Only the 7 Group 1 rats were autopsied at the recovery site. Autopsies 
began at 1:50 p.m. and each autopsy took approximately 30 minutes. All 
scientific studies were completed in less than IS hours whereupon the 
recovery team, specimens, and equipment departed the recovery site and 
arrived in Moscow in the afternoon of October 15. 

During the return trip to Moscow, animals were kept individually in cages 
measuring 17.0 an x 17.0 cm x 12.5 cm. The trip lasted approximately 10 
hours , and during the trip the animals were provided with 45 gms/animal of 
the flight diet and water ad libitum . After arriving in Moscow, the Group 
2 and 3 animals were transferred to individual metabolic cages 18 cm x 18 
cm X 12.5 cm and housed in the Vivarium at the Institute of Biomedical 
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Problems. These anImAls continued to receive the flight paste food four 
times daily but with the total daily quantity increased from 40 to 45 gms. 
The 5 animals In Group 4 were fed one 45 p pbrticn per day and were housed 
2-3 per cage in the standard vivarium cages (55 cm x 19.5 cm x 33 cm). 
However^ these 5 Group 4 animals were transferred to IndlviduaT metabolic 
cages (18 cm x 18 cm x 12.5 cm) on the evenings of jpostflight days 3» 8, 
and 13 and held in these cages for 36 hours in order to conduct a variety 
of metabolic studies. During this period, they were given the flight paste 
diet In four portions at 6 hour intervals as they had been during the 
flight. The corresponding control animals were treated similarly. 

During hours 7-10 following landing and on days 3, 4, 5, and 6 of the 
readaptatlon period. Group 3 animals were subjected to a special stress 
test designed by Soviet and Czechoslovakian scientists. The animals were 
fixed in a prone position to a board for 2.5 hours and blood specimens 
taken before and after this stress. Following the stress on day 6, the 
animals were sacrificed. The purpose of this stress regime was to 
detennine if animals in the flight group exhibited immediately postf light 
and during the 6 day readaptation period, blood chemistries indicative of 
acutely or chronically stressed animals; that is, does the biochemistry of 
the animals reflect the chronic stress of spaceflight or the more acute 
stress of reentry. 


Gn October 19, the ''flight" phase of the Synchronous control was completed 
and the same recovery team that processed the flight specimens also 
processed the controls. Autopsies of the Group 1 animals were begun at 
1D:D4 a.m. and completed by 4:42 p.m. (Moscow time) and the experimental 
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proceduires employed et the recovery site were again followed. Groups 2, 3, 
4, and 5 animals were transferred to the Vivarium and treated like the 
flight animals throughout the readaptation period. 

Following the autopsy of the rats and the unique operation? required by the 
many Investigators sharing the animal s, the specimens were packed for 
shipment to the appropriate U.S. laboratories according to procedure? 
worked out in advance between Soviet and US mission managers: specimens 
were packed in dry ice, Imnersed In a preservative, or brought back alive 
at 4®C. Specially designed shipping containers wene developed to maintain 
the temperature requirements and Integrity of the specimens during transit. 
On October 29, US specimens and scientist? arrived In San Francisco and 
specimens were transf erred to the laboratories of US investigators. 

Two week? after the arrival of the specimens In the US, a second group of 
US scientists was sent to Moscow tp attend the autopsies and experimental 
operations on the animals (Group 4) allo^^ed to readapt to terrestrial 
gravity. The same autopsy procedures and team members were utilized for 
both recovery and readaptat ion studies. Autopsle? of the Flight, 
Synchronous Control and Vivarium Control Group 4 animals occurred on 
November 12, 17, and 12, respectively. Sample? were again escorted by US 
scientists back to the US and arrived in San Francisco on November 20, 

1979. Temperature recorders contained In all shipping containers Indicated 
that the temperature In all but one container remained within 
specifications throughout both recovery trips. The exception occurred In a 
container of preserved Group 4 specimens of some bone and nasal mucosae. 

In this case a smal 1 quantity of dry Ice was added to the shipping 
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container by overzeal ous cargo handlers In Tokyo. Tbls resulted in the 
temperature dropping below the specified O^G for a feh hours during the 
Tokyo to San Francisco flight. Fortunately* damage to the specimens was 
mihimal. A summary of the above postflight operations is given In Table 6. 

With the return of the experimental samples and materials on November 20, 
the misslori operjations phase was brought to an end. For the many 
Investigators involved In the US experiments aboard Cosmos 1129, their work 
was just beginning, the results of which are contained in the reports which 
follow. 
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*U.S. PARTICIPATION IN MISSION 


TABLE 2 

DESCRIPTIVE TITLES, SPONSORING COUNTRIES, AND PRINCIPAL INVESTIGATORS 
FOR THE EXPERIMENTS OF COSMOS U29 


TITLE 


COUNTRY/PRINCIPAL 

TNVESmA^^"" 


I. EXPERIMENTS WITH RATS 


1. Whole Body ComposUI on 


2. Studies of the Central Nervous System 


3. Endocrine Studies 


4. Studies of the Cardiovascular System 


5. Studies of the Musculo- Skeletal Systiim USSR/V. Oganov 

S. Oganesyan 
V. Nesterov 
E. Kovalenko 
G. Stupakov 
A. Prokhonchukov 
R. Tigranyan 
USA/ E. Morey-Hol ton 
L. Kazarian 

D. Simmons 
C. Cann 

Hungary/T. Szilagyi 

6. Blood and Bone Marrow Studies Czechoslovakia/N. Ahlers 

E. Mishurova 
N. Chernaya 
I. Alers 

A* Bacek 

USSR/R. Tigranyan 
L. Serova 
V. Korol ' kov 
Bulgaria/* 


USSR/ A. Ushakov 
USA/G. Pitts 

Czechoslovakia/S. Baransky 
USSR/R. Tigranyan 

Czechoslovakia/R, 
Kvetnansky 
USSR/R. Tigranyan 
Bulgaria/* 

Czechoslovaki a/S. Baransky 
USSR/R. Tigranyan 


♦Principal Investigator not known 
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TABLE 2 (Continued) 


7. 

? ; ■ 


1 


Studies of Lymphoid Organs 


! 


8 . 



Studies of Connective Tissue 
Studies of the Hepatic System 


\ 

1 


iOr Excretory System Studies 

11. Adipose Tissue Studies 

12. Studies of the Gastrointestinal Tract 

13. Studies of Sensory Organs and Mucosae 

14. Embryo! ogical Studies 


15. Embryo! ogica! Studies 



II. EXPERIMENTS WITH PLANTS 

1. Studies of Carrot Crown 6a!! Tumor 

Growth 

2. Studies of Carrot Tissue Culture 

Morphogenesis 


♦Principal Investigator not known 




CzechosIovakia/1. A!ers 
E. Mishurova 
USSR/ I. Egorov 
L. Serova 

USSR/L. Serova 
Bulgaria/* 

USA/ S. Abraham 
USSR/R. Tigranyan 
I. Egorov 

Czechoslovakia/!. A!ers 

USSR/M. Natochin 
A. Pankova 

Czechoslovak la/ I. Alers 
USSR/R. Tigranyan 

USSR/K. Smirnov 
Rumania/P. Groza 

USSR/F. Sushkov 
USA/ L. Kraft 

USSR/L. Serova 
N. Che! 'naya 
V. Yagodovsky 
V. Oganov 
Yu. Natochin 
Z. Apanasenko 

USA/ J. Keefe 
S* Abraham 
E. Sabelman 
Bulgaria/ A. Vyglenov 
Poland/V. Stodolnik- 
Baranskaya 

S. Kozlovsky 
K* Ostrovsky 


USA/ R. Baker 
USSR/M. Gusev 

USA/ A. Krikorlan 




I 

p 
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TABLE 2 (Continued) 




3* Studies of Higher Plant Horphogenesls 
4. Studies of Fungal Surface Migration 


USSR/M. Tairbekov 
USSR/M. Tairbekov 


in. experiments with insects 

1. Drosophila melanogaster Gravity 
Preference 


USSR/* 


IV. EXPERIMENTS WITH BIRDS 

1. Study of Embryogenesis In the 
Japanese Quail 


USSR/Y. Shepelev 
USA /J. Xeefe 


EXPERIMENTS WITH MAMMALIAN CELL CULTURES 


1. Cytologlcal Studies of Mairmallan Cell 
Cultures 


USSR/^ 


VI. RADIOBIOLOGICAL RESEARCH 
1. Bioblock Studies 


2* Radiation Dosimetry 


USSR/E. Kovalev 
France/Planel 

USSR/E. Kovalev 
USA/ E. Benton 


♦Principal Investigator not known 


TABLE 3 


LIST OF SCIENHEIC INSTITUTIONS PARTICIPATING IN THE 
EXPERIMENTS OF COSMOS 1129 


INSTITUTION COUNTRY 

NASA-Ames Research Center USA 

Colorado State University USA 

University of Delaware USA 

State University of New York, Stony Brook USA 

University of California, San Francisco USA 

Veterans Administration Hospital, American Lake USA 

University of Utah USA 

Baylor Univer$ity Medical Center USA 

University of the Pacific Dental School USA 

Columbia University USA 

Wright-Patterson Air Force Base USA 

University of Southern California Medical Center USA 

Jet f'ropulsion Laboratorty USA 

University of San Francisco USA 

Washington University School of Medicine USA 

Yale University USA 

Children’s Hospital Medical Center, Oakland USA 

Biospace Incorporated, Ohio USA 

University of Virginia USA 

University of California, Berkeley USA 

University of California, Davis USA 

Institute of Medical and Biological Problems, USSR USSR 

Ministry of Health 

Institute of Evolutionary Physiology and Biochemistry, USSR 

USSR Academy of Sciences 

Bach Institute of Biochemistry, USSR Academy of Sciences USSR 

Pavlov Institute of Physiology, USSR Acadew of Sciences USSR 

Central Dental Research Institute, USSR Ministry of Health USSR 
Priorov Central Institute of Traumatology and Orthopedics USSR 
Research, USSR Ministry of Health 

Central Institute of Gastroenterology Research, Moscow USSR 

Municipal Executive Committee Of the Council of Workers' 

Deputies 

Institute of Medical Radiology, USSR Academy of Medical USSR 
Sciences 

Institute of Nutrition, USSR Academy of Medical Sciences USSR 
Sklifasovsky Central First Aid Institute, RSFSR Ministry USSR 

of Heal th 

Institute of Cardiology, Armenian SSR Ministry of Health USSR 
Bratislava Institute of Experimental Endocrinology, Czechoslovakia 

Slovakian Academy of Sciences 

Shafarik State University, Kosice Czechoslovakia 

Military Institute of Aviation Medicine, Warsaw 


Bucharest Institute of Physiology Romania 
Institute of Roentgenology and Radloblology* Sofia Bulgaria 
Medical Academy 

Institute of Physiology* Debrecen Medical College Hungary 
Institute of Pathophysiology, Debrecen Medical College Hungary 
Szeged Institute of Biochemistry Hungary 
Humboldt University GDR 


« 
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TABLE 4 


DATE (1979) 

July 3-5 

August 15 (approx. 
September 2 
September 3 

September 10 
September 14 
September 15 
September 22 

September 22 

September 25 

September 25 
September 30 


PRELAUNCH EXPERIMENT ACTIVITIES 


ACTIVITY 


Pate of birth of experimental ahimals 

) Temperature transmitters implanted intraperitoneally 
into Group 4 Flight and Synchronous Control animals 

Carrot tumor preparations loaded into flight 
nardware at Colorado State University 

Carrot tissue preparation loaded into flight 
hardware at State University of New York, Stony 
Brook 

Approximate start of cage training: animals complete 
30 hours of training before launch 

Animals transferred from standard vivarium diet to 
40 gms/animal/day of flight diet given once each day 

U.S. plant experiinents and radiation dosimeters 
shipped to Moscow 

The bone 1 abel , Decl omyc in , was injected 
intraperitoneally into all Flight, Synchronous 
Control and Vivarium Control animals 

Flight animal and other experimental material 1 oaded 
into spacecraft 

Launch: 6:30 p.m. Moscow time, North Cosmodrome, 
Plesetsk, USSR 

Start of the Vivarium Control 
Start of the Synchronous Control 
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C0H>0$ITI0N OF THE PASTE DIET FED TO RATS DURING THE COSMOS 1129 MISSION 
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'*Sorbjc Acid 0^5X to Wei9ht of Feed Added as Preservative 

NOTE: Quantities are those provided by Soviet scientists and are for 40 gm of diet, wet weight. 


TABLE 6 


DATE 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Nov. 

Nov. 

Nov. 


POSTFLIGHT CHRONOLOGY OF MAJOR EVENTS 
(1979) EVENT 

14 (7:59 a.m. , Moscow time) Spacecraft Tanded near Kustanay 
in Central Asia 

Autopsies of Flight Group 1 animals commence (1:50 p.m., 
Moscow time) 

15 Specimens arrive at the Institute of Biomedical Problems 
Moscow 

Autopsies of Group 5 Flight animals 
17 Autopsies of Vivarium Control Group 1 animals 
Autopsies of Vivarium Control Group 5 animal s 

19 Termination of "Flight'' phase of Synchronous Control 
Autopsies of Synchronous Control Group 1 animals 

20 Autopsies of Synchronous Control Group 5 animals 
Autopsies of Flight Group 2 and 3 animals 

22 Autopsies of Vivarium Control Group 2 and 3 animals 
25 Autopsies of Synchronous Control Group 2 and 3 animals 

29 Experimental Material Arrives in USA 

12 Autopsies of Flight Group 4 animals 

Autopsies of Vivarium Control Group 4 animals 
17 Autopsies of Synchronous Control Group 4 animals 

20 Experimental material arrives in USA 
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OK/CCvJAL PAGE IS 
OF POOR QUALFH’ 



Figure 1. Cositws 782 Spacecraft on display in the Space Museum. Astakeno, USSR. A circular viewport 
was installed ir the spherical craft when placed on display in the museun. 




Figure 2. 
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Figure 6 - Mcxlel of the field laboratory set up at the 
spacecraft recovery site. Electric generators and enriror»enUl 
control equipacnt provide the necessary oonditioos 

for the initial observation and ezaainations of biological 
specioens . 
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SUMMARY 

He have investigated the effects of space flight on the activities 
of 26 enzymes concerned with carbohydrate and lipid metabolism in hepa- 
tic tissue taken from male Wistar rats flown in Earth orbit for 18.5 


days aboard the Cosmos 1129 biosatellite. These activities w«?re mea- 
sured in the various hepatic cell compartments, i.e,, cytosol, mitochon- 
dria and microsQmes. In addition, the levels of glycogen, total lipids, 
phospholipids, triglycerides, cholesterol, cholesterol esters, and the 
fatty acid composition of the rat livers were also examined and quanti- 
fied. A similar group of ground-based rats (synchronous controls) treat- 
ed in an identical manner served as controls . Both flight and synchro- 
nous control rats were sacrificed at three time intervals: Rq, ?'-11 hours 
after recovery; R^g, after 6 days; %6(S)* ® (having undergone 

2-5 hour periods of fixed str’ess in a ''backupward" position on days 0, 3, 
4, 5 and 6) and R+29» ^9 days post-flight. 

Although most of the enzyme activities and the amounts of liver con- 
stituents studied were unaffected by the period of **weightlessness'* , some 
significant differences were observed. Generally , all of our new findings 
agree well with our previous observations in the livers of rats kept in 
the weightless condition aboard Cosmos 936 flown during August 1977. A 
statistically greater amount of liver glycogen was observed in flight rats 
than in sjmchronous control rats sacrificed at Rq. In addition, in con- 
firmation of our results aboard Cosmos 936, a significant difference was 


again found in the ability of flight animals to complex long-chain fatty 
acids. Thus, both the microsomal diglyceride acyltransferase and microso- 
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jnal cholinephosphotransferase of the flight rats showed reduced activities 
when compared with synchronous controls at Rq. 

The activity of one hepatic enzyme concerned with gluconeogenesisi 
glutamate-pyruvate transaminase found in the cytosol, was increased in the 
livers of rats in the weightless group sacrificed at Rq. On the other hand, 
the activities of two mitochondrial enzymes which function in the terminal 
oxidative sequence (Krebs Cycle ) , isocitrate dehydrogenase and aconitase, 
were significantly depressed as a result of the weightless condition at 
this same time after flight. 

Stressing the flight rats for 6 days after space flight produced 
changes in some of the parameters we measured. Increases in the amounts of 
total lipids and of phospholipids as well as an elevation in the activity 
of glutamate- pyruvate transaminase were noted. On the other hand, stress 
was responsible for lowering the activities of the following : a) soluble 

enzymes : (cytosolic) glucokinase, hexoRinase, and fatty acid synthetase , 

and b) microsomal enzymes: diglyceride acyltransf erase , cholinephospho- 

transf erase, and both the palmitoyl-CoA and the stearoyl-CoA desaturases. 

As a result of our experiments aboard Cosmos 936 and Cosmos 1129 we 
have concluded that a) weightlessness can indeed affect metabolic path- 
ways concerned with lipid and carbohydrate metabolism by influencing the 
activities of specific enzymes , b) these metabolic changes are in some 
cases independent of stresses other than weightlessness which are involved 
in space flight, and c) flight rats react more dramatically to imposed 
stress than their synchronous controls. 
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INTRODUCTION 

Examination of liver, blood, muscle and skeletal tissues from rats 

I 

aboard earlier Cosmos flights, indicated cbiinges in the lipid and the car- 
bohydrate levels of these tissues in response to space flight (1-5). 

After the Cosmos 936 space mission, we observed (6,7) specific alterations 
in hepatic enzyme activities (diglyceride acyltransf erase, palmitoyl-CoA 
desaturase and glycogen phosphorylase) as well as Changes in liver glycogen 
and the levels of specific fatty acids in the livers of flight rats but not 
in Gomparable animals subjected to continuous 1 xg centrifugation during 
the flight. These metabolic alterations, both in enzyme levels and in he- 
patic constituents, appeared to be unique to the weightless condition. In 
addition, our previous data seem to justify the conOlusioh that centrifu- 
gation during flight is equivalent to terrestrial gravity (6,7). 

The present study (Cosmos 1129) “was designed to reinvestigate some of 
our earlier observations (Cosmos 936) and to extend the range of inquiry 
to include additional hepatic microsomal and mitochondrial enzymes, as well 
as other liver constituents (total lipids, triglycerides, phospholipids and 
sterols) not included in our original Cosmos 936 protocol. 

MATERIALS AND METHODS 

Our experiment aboard the Cosmos 1129 biosatellite called for the use 
of 25 male Wistar rats caged individually within the spacecraft. Seven rats 
were sacrificed at 7-11 hours after recovery (Rq), and 5 rats after 29 days 
(^+29^* remaining flight rats, 7 were stressed by immobilization in 

a "backupward” position for 2-5 hour periods on days 0, 3, 4, 5 and 6 after 
recovery, and were sacrificed (R+eCs)^* the final stress on day 6. 

The other 6 rats served as unstressed flight controls and were also sacri- 
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ficed on day 6 (R^.). Synchronous control rats, housed and fed in the 

TO 

same manner as the flight animals were included in the experimental de- 
sign » Analogous to thiu scheme a similar number of vivarium control rats 
housed 3-4 per cage in standard laboratory cages an4 fed the same diet, 
but with a different schedule than flight and synchronous control rats , 
were also sacrificed and their livers processed. Table 1 lists the con- 
ditions of our experiment and gives the number of rats in each group. 

The specific details for the flight conditions (duration 18,5 days) are 
given elsewhere in this volume. 

Sacrifice of the animals, preparation of the liver homogenates, and 
Separation of the homogenate into supernatant and mitochondria were done 
in the Soviet Union . These procedures followed the general plan as given 
below. 

Tissue and Homogenate Preparation . All rats were sacrificed by decapita- 
tion and their livers removed as quickly as possible and immediately 
placed in ice-cold 0.25 M sucrose solution. Two small pieces of liver 
(about 200 mg each) were taken for glycogen, total lipid, and fatty acid 
analysis. These were wrapped in aluminum foil and frozen in dry ice. 

Four-gram portions of each liver were minced and individually homo- 
genized in a Potter-Elvehjem-type tissue grinder with exactly 12.0 ml of 
fresh ice-cold 0. 25 M sucrose solution as given previously (8). All sub- 
sequent procedures were carried out at 0-M°C. Nuclei and cell debris were 
sedimented at 800 x g for 10 minutes (8,000 g. min, 2,400 rpm) in a refri- 
gerated centrifuge (Beckman). The mixed pelleted fractions were discarded 
and the supernatant fractions (obtained with the aid of a disposable pipet 
from under the free floating fat) retained, These supernatant fractions 


39 


were again subjected tp centrifugation at 4,SO0 h g for 30 min (135,000 g. 
min, b,700 rpm) to separate the cytosol plus microsome fraction (superna" 
tant) from the mitochondria (pellet). The cytbsoX JPlds microsome frac- 
tions were froten immediately to *'80<*C, The pellets? containing the crude 
mitochondria were washed by resuspension in fresh 0*15 M sucrose solution 
and sedimented by centrifugation at 4,500 x g for 30 minutes (135,000 g. 
min, 5,700 rpm). The supernatant solution was discarded, and the washed 
mitochondria were frozen for shipment to the United States at -80°C. 

(These procedures are depicted in Figure 1). 

Extensive preliminary experiments with rats of the same strain coming 
from the same source (Institute of Experimental Endocrinology, Slovakian 
Academy of Sciences) and fed the identical diet ESoviet paste diet (6)3 
demonstrated that all of the activity of each enzyme assayed was stable 
under the conditions of storage used (i.e, , at -80°G) (6). In addition, 
all enzyme activities were retained in the appropriate cellular location, 
even after freezing of the post-mitochondrial supernatant fractions for 
as long as two months. Thus, the data contained in the pertinent Tables 
represent the specific activity values for enzymatic activities in the 
liters of the rats at the time of sacrifice. 

When the liver homogenate samples , which arrived frozen from the So- 
viet Union, were gently thawed in our laboratories, in preparation for 
the isolation of the cytosol and microsomal fractions, most of the frac- 
tions appeared to have large amounts of particulate material which sedi- 
mented on standing . We have recorded our impressions for each fraction 
and these appear in column 4 of Tables III A-D under the heading condi- 
tion of homogenate . Thus, we found it necessary to clarify all homoge- 
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nate fractions by an additional centrifugal spin at 8,000 x g for 10 mi- 
nutes (80,000 g, min, Spinco Ultracentpifuge)’. The resulting pellets 
were stored at -80'’G for further biochemical analysis. The supernatant 
fractions thus cleared of the large particulates, were centrifuged in a 
Spinco Ultra centrifuge at 100,000 x g for 60 minutes at O- 40 C. The cy- 
tosol (partiole-free supernatant fraction) and the microsomes (pellet) 
were separated. The cytosol fractions from each rat liver were divided 
into several small aliquots which were placed into individual plastic 
test tubes, quick frozen, and stored at -80°C until used for enzymatic 
analysis. Once thawed, the sample was immediately used for the assay 
of its enzymatic activity and was not repeatedly frozen and thawed . 

The microsomal and mitochondrial fractions were treated in a similar 
manner . 

The washed mitochondria fractions were kept frozen at -80®C until 
used for analysis of enzyme activity. When needed, mitochondria contain- 
ing about 50 mg protein were suspended in 7.5 ml of 10 mM Tris-phosphate 
buffer, pH 7,5, by means of a Teflon pestle fitted into the centrifuge 
tube. After standing at 0°C for 5 minutes, during which time the mito- 
chondria undergo swelling, 2.5 ml of a solution containing 1.8 M sucrose, 

2 inM ATP, and 2 mM MgSO^ were added to the suspension. After another 5 
minutes at 0°C, the suspension was subjected, in aliquots of 3.5 ml, to 
sonic oscillation at 3 amperes with a Branson Sonifier for 15 seconds at 
0°C (9). The resulting material was used immediately for enzyme analysis . 
Total Lipid, Fatty Acid and Glycogen Analysis . Samples of frozen liver 
were thawed, weighed (50 mg) , and extracted for total lipids (10) . Total 
lipids were extracted from the tissues with chloroform : methaftol (2:1, v/v) 


and washed with Foloh uppei? phase (10) . Lipid classes were separated by 
thin- layer chromatography on 0*25 mm silica gel plates (Whatman) with the 
solvent mixture of petroleum ether; diethyl ethertacetic acid (85:15;lrS). 
The phospholipid Snd triglyceride fractions were extracted from the sili*^ 
ca gel and saponified. Aliquots of the fatty acid fractions were taken 
for quantitation and others were subjected to esterification in the man- 
ner given below. 

Total lipids were determined gravimetrically. The phospholipid and 
triglyceride fractions isolated by thin-layer chromatography were quanti- 
tated by measuring the fatty acid contents of these fractions, by the me- 
thod of Ho (11) which employs Ni. Cholesterol was determined by the 
method of Zlatkis and Zak (12) as modified by Rudel and Morris (13). 

Total hepatic fatty acids were isolated by refluxing small pieces of 
tissue (100 mg) with 1 ml of 30% KOH:methanol (1:1) overnight at 85®C. 
Hydroquinone (0.01%) was added to retard the oxidation of unsaturated 
fatty acids. Sterols and unsaponifiabie material were removed by extrac- 
tion with petroleum ether (30-60°C) and after acidification, fatty acids 
were extracted with hexane and the fatty acid methyl esters were prepared 
with diazomethane (14). Gas chromatography was carried out in a Varian 
aerograph (model 3700) equipped with a flame ionization detector and a 
stainless- steel column (6 ft. x 1/8 in. ) packed with 10% DEGS-PS on Supel 
coport (Supelco, Belief onte, PA). 

Fatty acid methyl esters were identified by means of their chromato- 
graphic retention times with the use of appropriate standards. The per- 
centage fatty acid composition was determined with a Varian model CDSlll 
data system. The heat program had an initial temperature of 110°C and 
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at 2 min. after sample injection the temperature was increased at a rate 
of 10®C/min. to a temperature of 18 50C, At 28 min. the temperature was 
elevated to 180°C at a rate of 10®C/min. and stayed at that temperature 
for the remainder of the analysis. 

Other liver samples (100 mg) were taken for the analysis of glycogen 
contents hy the anthrone procedure as given previously (15). 

Enzyme Assays . All enzyme assays, unless otherwise noted, were performed 
with a) the 100,000 x g supernatant fraction (cytosol), or h) the pellet 
(wicrosomes) obtained from this centrifugation after removal of the mito- 
chondria, or c) the purified mitochondria. Enzyme activities were deter- 
mined by following the changes in optical density of the reaction mixtures 
at 30°C with a Gilford automatic recording spectrophotometer . In all en- 
zyme assays , concentrations of substrates and of added enzymes (where 
needed) were at least 10 times those required to yield maximal activities. 
Absorbancy changes were measured with reference to reaction mixtures , de- 
void either of substrates or of coenzymes. The reactions were started by 
additions of substrates, after a brief period of preincubation of the en- 
zymes in the reaction mixtures. Measurements of initial velocities were 
made under conditions in which kinetics were zero-order , and activities 
were proportional to enzyme concentrations. 

Specific activities of the cytosol enzymes are reported as nanomoles , 
either of pyridine nucleotide oxidized or reduced, or of substrate con- 
verted to product, per milligram of protein per minute , whereas those for 
the mitochondrial and the microsomal enzymes are given in the footnotes to 
the Tables . The following extinction coefficients were used in the calcu- 
lations: reduced NADP (NADPH) and NADH (340 nm), 6.22 x 10® liter x mole"^ 
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cm"*^ (1Q)» cis-aconitate (240 nm)» 3.54 x 10^ liter x mole ^ x cm ^ (17). 
Protein was determined by the microbiuret method of Goz (18). 

Eazymei were measured according to well-established methods or roodi- 
fioations of currently used techniques, as indicated below. 

a) CytoaoVia Ensymea - Hexokinase and glucoHinasc (19), glucose- 6- 
phosphate dehydrogenase (20), e-phosphogluconate dehydrogenase (20), gly- 
cogen synthetase (21), glycogen phosphorylase (22), isocitrate dehydro- 
genase (23), fatty acid synthetase (19), aconitase (24)* glutamate-oxalo- 
acetate transaminase (25), glutamate-pyruvate transaminase (26), gluta- 
mate dehydrogenase (27), malate dehydrogenase (28) and lactate dehydroge- 
nase (29). 

b) MitosrwndiHal Ensymaa - Cytochrome oxidase (30), glutamate de- 
hydrogenase (27), aconitase (24), isocitrate dehydrogenase (23) and malate 
dehydrogenase (28). 

a) Miavoacmal Enzymea - Palmitoyl-CoA and stearoyl-CoA desaturase 

activities were measured as given for palmitoyl-CoA desaturase as follows 5 

14 

The complete system contained 30 nmoles of either palmitoyl-1- C-CoA or 
14 

stearoyl-1- C-CoA (saturated fatty acid), 0.3 pmoles Tris-MgGlg buffer, 
pH 7.5 and sufficient microsomal protein to yield a linear rate of desatu- 
ration in a total volume of one ml. The enzyme and buffer mixture were 
equilibrated in air at 37®C for 2 min. , and the reaction was started by the 
addition of the substrate . At the end of 5 minutes of incubation, the reac- 
tion was stopped by the addition of 0.5 ml of saturated KOH. The samples 
were then saponified, and the fatty acids were extracted and methylated as 
reported previously (31). After methylation, methyl palmitate (C-16) and 
methyl palmitoleate (C-16:l) were separated by gas chromatography (32), and 
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the radioactivity associated with each peak was cpuntedf Enayine adtivity 
is calculated as nanomoles of palmitoleic acid produced as fpllows: Ccpm 

in methyl C-16:l/cpm in methyl C-16 + methyl C-16;13 times the initial 
amount C-16-CoA used in nanomoles and is expressed per 5 minutes per mg pro 
tein. 

The 3-hydroxy-3-methylglutaryl-coenzyme A reductase activity was 
assayed according to the procedure described by Goodwin and Margolis (33). 

a-Glycerolphosphate acyltransferase and diglyceride acyltransf erase 
activities of hepatic microsomes were measured aqcording to the procedures 
reported previously (34,35), Phospholipid transferases were assayed by an 
established procedure C36) modified in our laboratory. Since in both cases 
(for PO and for PE) our modifications were substantial and allow for a; more 
rapid analysis, we present them here. 


PHOSPHORYLCHOLINE (PC) OR PHOSPHORYbETHANOLAMINE (PE) 
GLYCERIDE-TRANSFERASE ASSAY PROCEDURES 

Constituents for 

Assay System umoles/assay rol/assay 


Tris-HCl, (0.5 M, pH 8,0) 25 0.050 

Dithiothreitol, (0.05 M) 1 0*020 

MgCl2, (0.5 M) 10 0.020 

EDTA, (0.1 M) 5 0.050 

C-CDP-choline, or r.-CDP-ethanolamine, 0,150 0. 020 

(7.25 mM) 

Bovine serum albumin, (5 mg/ml) 0.25 0,050 

Water - , 0.140 

0.350 

Diglyceride preparation (14 nmoles/ml) 

sonicated in 0.25% Tween 20 for 10 minutes 0.700 0.050 


Start assay with enzyme preparation; 0.25 o.lOO 

5 mg/ml suspension (0.02 M Tris-HCl, or 0.5 mg 

pH 7.5, 0.001 M EDTA) 


TOTAL VOLUME 0.500 
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After 30 minutes of incubation at 370C, the reaction is arrested with 
1.5 ml of 95% ethanol. Following centrifugation* the supernatant fraction 
is removed and combined with three subsequent 1. S ml ethanol extractions of 
the protein precipitate. The precipitate is macerated by grinding with a 
small amount of micromesh glass beads prior to each ethanol extraction. 
Ethanol extracts (6.0 ml) are combined with 2. 5 ml of CClj^ and washed twice 
with 10 ml of 2 M KCl and once with 10 ml of water. The CClj^ phase is re- 
moved from beneath the water phase and transferred to a 20 ml scintillation 
vial. One ml of CGlj^ is added to the wash water phase and after vortexing 
and centrifugation , the CCl^ is removed from beneath the water phase and 
combined with the first extract in the vial. After evaporating the CClj| 
under an airstream, 10 ml of scintillator solution 0.5% PPO (2,5-dipheny- 
loxazole ) , 2 parts toluene, 1 part 2-ethoxyethanol are added to the vial 
and the contents of the vial is assayed for C in a liquid scintillation 
spectrometer (37). 

Chemicals . All chemicals were obtained from commercial sources and were of 
the highest purity available. ATP, glucose-6-phosphate dehydrogenase , 6- 
phosphogluconate , phosphoenolpyruvate , were purchased from Boehringer Mann- 
heim Corp . , San Francisco , CA. Glucose-6-phosphate , NAD^, MADPH NADP"**, NADPH, 
ethylenediaminetetraacetate (EDTA), coenzyme A, CDP-choline and CDP-ethanol- 
amine were purchased from Sigma Chemical Co. , St. Louis , MO. Dithiothreitol, 
ADP, a-glycerol-3-phosphate were purchased from Cal-biochem , San Diego, CA. 

Acetyl-CoA, malonyl-CoA and HMG-CoA were purchased from P-L Biochemical , 

1 4 14 14 

Milwaukee, Wisconsin. Palmitoyl-1- C-CoA, stearoyl-1- C-CoA, C-CDP-cho- 
line, ^*^C-CDP-ethanolamine , 3-hydroxy-3-methyl glutaryl-^*^C-CoA (^^C-HMG-CoA) 
were obtained from New England Nuclear Corp. Boston, Mass., and ICN, Irvine , 
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CAf PPO (2»5-diphenyloxazole) was purchased from the Fisher Scientific 
Company, Fair Lawn, N»Jt 

RESULTS AND DISCUSSIOW 

Individual values for some specific liver constituents from rats sh’^ 
crlficed at Rq, R^g, R^g^gj, and R^gg are given in Table II A-D. It should 
be noted that livers from flight rats at Rq were generally larger than 
those of either the synchronous or vivarium controls . These differences 
were highly significant (P < 0.01). 

Tables 11 'through VIII list the individual values for the liver con** 
stituents and the hepatic enzyme activities that v.'ere examined in this stu- 
dy. Each group average and its standard deviation is given in Tahle IX. 

The statistical significance of the differences found between groups are 
presented in Table X. 

When the values for each animal within a group were compared , we 
noted that the standard deviations were greater than one would expect from 
a normal group sampling of rat liver tissue. In addition, several micro- 
somal enzymes (specifically, the acyltransf erases ) had specifio activities 
which were from 1/10 to 1/20 those previously found in the liver of normal 
ratsor of those flown aboard the Cosmos 936 biosatellite. This great varia- 
bility in enzyme activity within a group and the lovf specific activity of 
certain enzymes might be a result of the presence, in the frozen homogenate 
fractions, of the easily sedimentable large particulates which we removed. 
Subsequent biochemical analysis of these contaminating particles showed 
that they had considerable cytochrome oxidase activity (Figure 2). Since 
this enzyme is found exclusively in the mitochondrial fraction of liver 
homogenates these data suggest that hepatic lysosomes would also be present . 
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We have previously noted that suoh contamination of the oytoaol and micro- 
somal fractions could adversely affect certain enayme aotivities. In view 
of these observations, we are cautious in interpreting out Ceanoa 1129 
enzyme activity results* 

Further, although values for the vivarium control rats are presented 
in the tables, we question the advisability of vaing these data, since there 
appear to be many anomalies in the results obtained with these rats * This 
is very dramatically illustrated when one Compares the levels of hepatic 
glycogen for the vivarium control rats sacrificed at various times (Table 
II A-P). Whereas those killed at Rq cb R^29 gave values of 0.23i0.06% 
and 0.34±0»18% wet weight respectively (Table II A and Table II P), those 


sacrificed at Rc and R-*„v yielded levels of 3.6±1.1 and 2.S6±0.92% wet 
« Q\o) ~ 

weight respectively (Table II B and Table II C). Although the values at Rq 
and R 29 were similar, and those after 6 days post-flight whether stressed 


or not stressed were similar, these WO groups were vastly different from 
each Other. It would suggest, therefore, that the conditions of these vi- 
varium animals were not the same at all periods studied. Thus, we feel that 
the most meaningful comparisons are those between the flight animals and 
the rats that served as ground-based synchronous controls. 

Given these constraints , the data, when compiled and statistically 
evaluated, did generally confirm many of our Cosmos 936 findings. The acti- 
vities of most of the hepatic enzymes and liver constituents were unaffected 
by space flight (Table X). A statistically significant difference was seen 
between the flight and synchronous control rats at Rg with I’espect to their 
contents of liver glycogen (Table X) (Figure 3). The livers of the flight 
rats had 30% more glycogen than those of the synchronous controls . This 

A8 





finding confirms om? previous observations aboard Cosmos 936 » The actual 
! increases in hepatic glycogen, however, were not as groat as those recor- 
ded for the Cosmos 936 flight rats. In addition, the Cosmos 1129 flight 
animals showed no significant changes in the activities of glycogen synthe- 
tase or of phosphorylase at Rq that could fully explain the increased gly- 
cogen contents (Table III). The glycogen of the flight animals also did 
not return to normal levels within the post-flight recovery period as did 
the glycogen of the Cosmos 936 rats. Indeed, the hepatic glycogen of the 
flight rats on this mission decreased to abnormally low levels 29 days 
after recovery , while the synchronous controls were virtually unchanged 
(Table II P, Figure 3). To explain such a marked decrease in glycogen 
levels, one would have to postulate either a change in the dietary regimen 
or the application of additional stress on the flight animals. The gly- 
cogen phosphorylase activities (enzyme concerned with glycogen breakdown) 
of the flight rats did increase 58% after the 29 day readaptation period , 
and thus biochemically, could account for the decreased liver glycogen ob- 
served in the flight animals (Table III). 

In confinnation of our results aboard Cosmos 936, a significant dif- 
ference was found in the ability of the flight animals to complex long- 
chain fatty acids (Table X, Figures 4 and 5). Both the diglyceride acyl- 
transferase and the cholinephosphotransf erase of the flight rats showed re- 
duced activities when compared with the synchronous controls at Rq. How- 
ever, these decreased enzyme activities did not appear to affect the hepa- 
tic lipid values (Table II A ) . » he triglyceride and phospholipid contents 

were similar for tlie flight and ^^Chronous c^ at Rq. The appa- 

rent discrepancy between the observed decrease in transferase activities 
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and the normal triglyceride and phospholipid values most probably re- 
flects the fact that we were not able to measure a dynamic metabolic 

process under the conditions of this experiment. It is conceivable, 

f ' 

however, that the decreased transferase activities could precede a 
measurable change in meta^/olic end products. All transferase activi- 
ties returned to normal values after 29 days post-flight (Table III D). 

The values for total fatty acids in the individual livers as well 
as those for the triglycerides and phospholipids isolated by our thin- 
layer chromatographic procedures are given in Tables VI A through D and 
VII A and B. The pertinent ratios of 16/16:1, 18/18:1 and 10:2/20:4 are 
given in Tables VIII A through D. It is interesting to note that the 
values for the ratios of 16/16:1 and 18/18:1 for the total fatty acids are 
Very similar to those found with the phospholipid and triglyceride fatty 
acids for the animals sacrificed at Rq (Tables VII A and B), 

It is also interesting that the activity of one hepatic enzyme con- 
cerned with gluconeogenesis, namely, glutamate-pyruvate transaminase, was 
increased in the livers of the weightless group sacrificed at Rq when com- 
pared to the synchronous controls (Tables III A and X). On the other hand, 
mitochondrial enzyme activities for isocitrats dehydrogenase and aconitase 
were significantly depressed as a result of the period the rats spent in the 
weightless condition (Tables V and X) (Figures 6 and 7). 

Stressing the flight rats, after space flight, produced changes in the 
levels of liver constituents not seen in the Rq flight animals (Table II B, 

II G and X). Total lipids and phospholipids increased in the flight rats 
after stress while the control groups showed no differences (Table X and 
Figure 8). Several enzyme activities were affected. We observed lower acti- 
vities for the soluble enzymes , glucokinase (Figure 9), hexokinase (Figure 10), 
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fatty acid synthetase, and fox* the microsoroaX enzymes diglyceride acyl" 
transferase (Figure 11), phoaphatidylcholine (Figure 12) and phosphatidyl'^ 
ethanolamine (Figure 13) transferases, palmitoyl-CoA (Figure IH) and stea- 
royl-CoA desaturases* The oytosolic glutamate-oxaloacetate transaminase, 
however, was increased (Figure 15) in the flight stressed group vs. non- 
stressed group at R^g. In a few instances the stressed synchronous con- 
trols for the R^g were affected by the applied stress* Glycogen (Figure 
16), hexoRinase, glucohinase and PE acyltransf erase activities were all 
depressed in these animals. However, the response of these control ani- 
mals to stress was less pronounced than the response of the rats that had 
been exposed to weightlessness (Table X). We may conclude , therefore, 
that the flight rats react more strongly to stx’ess than their synchronous 
controls. 

It is also clear from our data that the particular type of stress ad- 
ministered to the rats, whether applied to flight or synchronous control 
animals , caused a decrease in the levels of hepatic glycogen. Since we ob 
served that weightlessness caused an increase in hepatic glycogen values 
in the rats sacrificed at Rq in both Cosmos 936 (6,7) and Cosmos 1129, we 
have concluded that the environmental conditions of spaceflight may not 
be similar to those of the applied stress, at least with regard to hepatic 
glycogen levels. 

It would appear, from the data presented in this report and from our 
results with rats aboard Cosmos 936 (6,7) that weightlessness can indeed 
affect metabolic pathways concerned with lipid and carbohydrate metabolism 
and that such metabolic changes are in some cases independent of stresses, 
other than weightlessness which are involved in spaceflight. 
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Rat Grou 


Flight, F 

Synchronous 
Control, S 

Vivarium 
Control, V 


Sacrificed on: 
F 
S 
V 

Arrived In: 

USA 

BLMRL* 


TABLE 1 

COSHOS 1129 j EXPERIMENT K304 

Number of Rats per Groui: 



-4 

5 

' 6 7 

5 

' 6 7 

5 


10-14-79 10-20-79 10-20-79 11-12-79 

10-19-79 10-25-79 10-25-79 11-17-79 

10-17-79 10-21-79 10-21-79 11-12-79 

10- 29-79 10-29-79 10-29-79 11-20-79 

11- 05-79 11-05-79 11-Q5-79 11-29-79 



* Bruce Lyon Memorial Research Laboratory, Children's Hospital Medical 
Center, Oakland, California. 
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TABLE V 


INDIVIDUAL VALUES FOR HXTOCHONDRXAL ENZTHES 
rROM LIVERS or RATS SACRIFICED AT Ro 


Group 

Rat No. 

Hitochondrial Enzymaa (nmolaa/min/ng)^ 

USSR 

USA 

6DH 

XCDH 

AC 

HDH 

Flight 

Bil 

19 

■pni 

66.1 

12,0 

1668 



mjM 


38.3 

2.7 

2043 


■iZI 

Bi 


34.4 

5.7 

682 


lF-4 

48 

404 

32.6 

3.9 

862 


lF-5 

,50 

272 

34.0 

3.5 

797 


lF-6 

e 

657 

76.6 

10.0 

2118 


lF-7 

18 

532 

34.2 

6,7 

806 


Ave , 4 

S.D, 

603i369 

45.2118.2 

6.413.5 

12821636 

Synchronous 

ls-1 

20 

1041 

63.1 

13.7 

1477 

Control 

lS-2 

45 

790 

57.8 

8.1 

1580 


lS-3 

9 

554 

55.2 

15.3 

1160 


lS-4 

3 

567 

66.1 

20.6 

1444 


lS-5 

44 

788 

52.3 

6.6 

1477 


lS-6 

49 

1251 

65.8 

13.2 

1909 


lS-7 

24 

762 

73.4 

15.8 

1775 


Ave . ± 

S.D. 

822±25C 

62,047,3 

13.314.8 

15461243 

Vivarium 

lV-1 

1 

1411 

72.9 

3.4 

2969 

Control 

lV-2 

12 

1859 

85.9 

14.8 

3?73 


lV-3 

4 

853 

60.1 

9.9 

1795 


lV-4 

7 

867 

51.5 

9.2 

1806 


lV-5 

38 

1096 

61.3 

8.2 

2968 


lV-6 

27 

861 

67.1 

11.6 

2128 


lV-7 

30 

743 

60.3 

3.2 

1793 


Ave. 4 

S.D. 

10994403 

65.64U.1 

8.614.2 

23901654 
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TMtX IX A 

AVCMCZ VAUES^ rOA MTS SACRiriaD AT Aq 


MtAiunMnt^ 


fmrumfr tMlti 

Llv«r sraw 

Uimr/cArcAii I 

Li v<r Ccmititutnti , 

Cytpipl p^i«in •i/p^ 

GXycogtn % tjii 

TotM tipidi % til 

PhOiphoXipidi I til 

Triflycarldts % tii 

rrt# choltit«rol % tii 

d)ol«st«rol ••ttra % tii 

TotaX cholcitarol % tii 

lUitiot 

ChoXaatarol/choUstaroX aattr* 
PboaphoXipids/trifXycarlda* 
ratty acid* 

X6/X61X 

Xt/xerX 

XSi2/20i4 

Engya A ctivity 
(i^oioXic 

GS b 

GP b 

GK b 

HK b 

GfiPDH b 

6 PGDH b 

FAS b 

AC b 

OPT b 

GOT b 

ICDH b 

tOH b 

HDH b 

GDH b 

2 * HicroaoMX 

AcyX tran»fara»« 
a« aGP a 

b. DC a 

GXy car ide*transf crate 
a. PC b 

b» PE b 

Dcaaturaac 

a, Palroitoyl-CoA C 

bv Stearoyl-CoA c 

HMG-CoA rcductaic a 

3, biltochemdriaX 

GDH b 

iCDH b 

AC b 

HDH b 


ControX 


I Synebroopu* 


330 i 9»3 337 X 
X 3.071 0 »I 5 X 2 »X 0 i 

3 , 96 i 0 .X 9 3*601 


Vivaritai 


359 i 12. 3 
XX,67t 0.79 
3.2S1 0,X9 


af/mX 

% t|i* 8 ll* wtr 
% tliiua yt* 
VticitM yt. 
% tii*u* vt* 
% ticiVMi ytt 

% tiaiuc wt. 
% ti**u* wt» 


X.54 9.641 
0.26 0.691 
0,42 X.X 91 


9 .x 1 

29.4 1 

36.5 1 
5.2 t 

20.5 1 
X6 fX 1 

9*3 1 
6 X .6 i 
532.9 1 
339*0 1 
t 

6406 1 
5229 1 


1 2,9 

1 4.9 

1 9.9 

t X .4 
1 6.3 

1 2*6 
i 3.7 
1 X 2.6 

1 66.x 

1 50.6 

1 55.7 
1 457 

1352 


6.x i 
44.2 ± 
X 4.6 i 

3.3 X 

66.9 i 
22.5 i 
X 0.4 t 
60,4 1 
449*3 1 
330.2 1 
457.6 i 
6343 1 

5464 1 


7 .<t t 

6,0 

5*9 1 

5.0 

XX . 0 t 

7.1 

12.8 * 

6.2 

21.61 

9*7 

X .0 t 

X ,5 

39.3 1 

23,9 

X 32,<9 1 

7 X .6 

X 0.5 i 

X 2.3 

0.901 

0.22 

x.xei 

0.20 

0 . 36 i 

0.22 

0 ,* 7 * 

0.09 

0.561 

0.08 

0.151 

o.x 6 

2.1 1 

X .2 

3,3 1 

2*4 

2.2 i 

X .2 

3.7 1 

2.0 

4.7 

3.6 

3,2 1 

1*8 


24 

1 15 j 

27 

1 IS 

17 

603 

1 369 1 

822 

1 2 S 0 

1099 


45*2 1 18.2 


-.nu-" 



TAIIX XX • 

AVERAGE VAUBt^ lt)R RATS SACRIHCED AT R. 


MasturtMnt 


fanMtar 

UnitaO 

Uiiitht. 

C«rc«tt 

graaa 

llv«r 

graad 

l4y«r/oarc«si 

% 

Livtir ConatitiHihtt 

C>»tosol protoln 

«f/al 

dycosen 

% titiua vt. 

Total lipid* 

i tisiua vt> 

PhiMipholipida 

% tiitua ¥t r 

Trigiycarldas 

% tiavivit ift . 

IVap choltatarpl 

% tiaaua vt, 

Cholaatarol attara 

1 tiaaua wt. 

Totiil cholaatarol 

1 tia>Ma at. 

lUtiOK 

Gholastarbl/chblastarol aatara 

Thoipholipiai/trliXyctridaa 

Tatty aclda 
16/16;! 
Wxnti 
1812/2014 

Cntyina Activity 
1, Cytoaolfc 

C$ 

b 

CP 

b 

GK 

b 

HK 

b 

G6PDH 

b 

6PG0H 

b 

FAS 

b 

AC 

b 

GPT 

b 

GOT 

b 

TCOH 

b 

LDK 

b 

m 

b 

GDH 

b 

2, Microeoiwil 

Acyl tranafcraia 

a, oGP 

a 

b. DC 

a ^ 

Glycarlda* tranaf araaa 

a. PC 

b 

bi .PE 

b 

pasaturaaa 

a, Palttitoyl-CoA 

c 

b, Staaroyl-CoA 

c 

HHG^CoA taductaaa 

a 


Control 


m t 16 

U.6«t 0.53 
3 « 39 i OaII 


l.l3i 1.38 
2 » 5 ii p.oe 

O.aat 3,57 
1,081 0.38 
0,961 0,57 


8,7 i 1,5 
32.2 i 7,0 
25,8 1 10,8 

c. ^ B 


li 8,3 1 21.0 
33.8 i 5,1 
13.5 1 M,5 
63.4 1 18,4 
595,6 1185.0 
376,9 i 94,2 
396,2 1 32.5 
6738 11355 

6449 1736 

5.7 1 6.1 


22.2 i 4.1 
193.6 1138.2 


0.981 0.33 

0.431 0,15 


Synchronoui 

VivariuK 

365 1 

22.9 

367 i 

12.1 

12,071 

1.42 

12.731 

1.57 

3.301 

0.23 

3.461 

0.39 

22.0 1 

2.0 

23.6 1 

0.9 

2.9 1 

0.77 

3.6 1 

1,1 

3.0 1 

0,63 

4.1 1 

0861 

2.7 1 

0.43 

2.5 1 

0,20 

0,751 

0.29 

1.1 1 

0.57 

0.28i 

0,04 

0.281 

0.02 

0.181 

0,05 

0.171 

0.10 

0.381 

0,07 

0,381 

0,08 

1.621 

0.35 

2,101 

0889 


ip 32 

2.901 

l.el 

9.641 

2,16 

6.951 

3,53 

1.341 

0,30 

1.041 

0.u^8 

0.981 

0.29 

0,901 

0.19 

10,8 1 

i.e 

7*9 1 

2.3 

33.3 i 

3,5 

28.9 1 

3.0 

31.9 1 

5.6 

31,6 1 

8,0 

6.3 1 

1.4 

4.9 1 

0.8 

27.8 1 

6,1 

58.0 1 

12.4 

16.6 1 

3.31 

17.3 1 

3.1 

9.6 1 

1,4 

19.3 1 

4,0 

52.9 1 

21.6 

63,4 i 

18.5 

556.9 1 

77.6 

657,5 1 

12C.B 

422.1 1 

94.0 

400.7 i 

57.7 

430.0 1 

46.1 

388.8 1 

33,1 

687S .880 

5707 11173 

SS28 ISVB 

$399 t 

252 

7.9 i 

11, Cl 

30.6 A 

21.0 

38>8 i 

15.2 

29.3 1 

18.2 

217.4 1179.0 

136.0 * 

71.4 

1.2^ 

0.27 

1.121 

0.20 

0.601 

0.09 

0.321 

0,05 

9 H 4 



It 

<c.B Z 


9. A X 

9 *D 

4.1 1 
23 X 

2.4 

14 

8.4 1 
20 1 

6.3 

9 










TAIU IX C 

AVDUai: VAUffS^ TOIl MTS lACMriCCD AT 


1 NCMUrcMAt^*^ . 1 

Orou&a 





Control 1 

ParMttfir 

Unita^ 

riltht 


Synehroncma 

Vtv>rtw» 

V« lights 








C«rc«it 

graaa 

)20 A 19.1 

312 au.4 

348 ± 

6,9 

Uvtr 

graaa 

f#m 

2.08 

9.3111 0*73 

u.m 

1.06 

Liv«r/c4irca5i 

% 

3«0li 

0.51 

2.1211 0.17 

3,41± 

0.21 

Livar Conttituanta 








Cy tcaol protaln 

•g/ad 

20. it 

2.S 

23.4 i 

1.4 

22.4 1 

0,90 

GXy«o|an 

% tiafiua wt« 

0.4#* 

0.16 

1.061 

0.33 

2.$6A 

0.92 

TotAl llpidt 

1 tiaaua wtA 

4.4 A 

0.62 

5.0 1 

1.4 

4>1 ± 

0.9 

fhoapholipl^ia 

1 tiaaua wt» 

2#i t 

0.25 

2.6 1 

o.io 

2.6 i 

0.30 

Tri|lycaridaa 

% tiaaua wt# 

Ipt A 

0^67 

1.9 1 

0.67 

0.96± 

0,56 

rraa cholaatarol 

% tiaaua at# 

O.Olt 

0*05 

0,281 

0.06 

0.31± 

0.08 

ChpXaataroX aatara 

% tiaaua Wt« 

0#23i 

0.10 

0.281 

0.01 

0.21A 

0.11 

Total cholattarol 

% tiaaua at» 

0.4SA 

0,10 

0.451 

0.09 

0.45± 

0.14 

IMtlof 








ChoUatarol/ch^^laatat^i aftara 

1.49t 

0.43 

1.011 

0.26 

1.92± 

1.07 

PhoaphoXipida/triglycaridaa 

2.59i 

1.9? 

1.651 

0.74 

3.23± 

1.66 

Tatty «cida 








ie/x6>i 


12. 79a 

5.15 

16.131 

1.96 

10.691 

3.35 

ii/iiti 


1.23i 

0,49 

1.411 

0.46 

1.14t 

0.52 

1II3/20IW 


l#47t 

0.60 

1.281 

0.43 

1.2U 

0.26 

Cnayna Activity 








I» Oytdaolio 








GS 

b 

10.9 i 

2,2 

7.3 ± 

2. 8 

9.0 1 

1.9 

GP 

b 

36.5 i 10.2 

41.4 1 

6.9 

31.2 A 

6.4 

GK 

b 

3.8 t 

1.3 

16.4 1 10.8 

24.6 1 

9.4 

HK 

b 

2.6 A 

1.2 

4.1 1 

1.3 

4,4 1 

1.1 

G6PDH 

b 

39.1 t 23.8 

42.2 1 30.1 

40.0 1 

20.7 

6PCDH 

b 

25.0 t 

9.6 

17,1 ± 

3.9 

17.6 1 

2.9 

PAS 

b 

4.0 A 

4.6 

8.9 1 

2.6 

10,4 ± 

4.4 

AC 

b 

74,5 A 16.4 

66,0 i 

20.1 

66.7 1 

16.2 

CPT 

b 

698.2 tl62.5 

572.6 ±168,8 

730.9 ± 118.1 

COT 

h 

616.6 nOX.4 

387.7 1 64.0 

402.7 1 

91.6 

ICDH 

b 

429,6 t 79.1 

424.6 1 33.6 

421.1 A 

41.2 

LDH 

b 

7022 ±734 

6672 A60. 

6564 A1197 

HDH 

b 

6751 A9U 

5983 1930 

5805 ±1106 

GDH 

b 

9*9 ± 

4.2 

3.7 1 

3.6 

8,6 ± 

6.2 

2. NicroaoMl 








Acyl tranafaraaa 








a, /»GP 

a . 

29.9 ± 22,3 

35,4 A 11.9 

34.7 ± 

20.4 

b. DC 

M.: . ■ 

n.i 1 

4.0 

227.0 1181.2 

236.4 ± 236.2 

Qlycaridr-tranafaraaa 








a. PC 

b 

0.45t 

0.30 

I.ISA 

0.21 

l.OOi 

0,29 

h, Vt 

h 

0.181 

0.09 

0.461 

0.13 

0.491 

0.16 

Oaaaturaaa 








a, Palfiitoyl-CoA 


0.351 

0.33 

1.4 i 

1.2 

1.9 ± 

1.3 

b. Stcaroyl-CoA 

. 0 - ■ . 
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POOTHOTBS TO TABLES II THROUGH X. 


1. Total lipids j sum of triglycerides + pliospliolipids + cholesterol 
estersi the small amounts of other constituents, free fatty acids, 
monoglycerides and diglyoerides are not included. 

2. Cholesterol esters - cholesterol t FA, * by 1.67 to get cholesterol 

value. Total cholesterol « (free cholesterol) + ( cholesterol egter ). 

1.67 

3. ( ) value not used to calculate average. 

4. Condition of Homogenate; 

Code for appearance of post-mitochondrial supernatant fractions ob- 
tained in U.S. A. 

A s Large particulates in homogenates (pellet on standing at 
■ *1 .. \ 

^ A 5/* 

B s Foamy homogenate. 

C s Small amount of fat layer, 

p s No microsomal pellet obtained; pellet used to be a mito- 
chondrial subfraction. 

E = Presumption of mitochonria or other large particles (pellet 
at 8,000 X g for 10 min). 

5. Abbreviations used are: 12 ;0 for laurate; 14:0 for myristate; 16:0 

for palmitate; 16:1 for palmitoleate; 18:0 for stearate; 18:1 for 
oleate; 18:2 for linoleate; 18:3 for linolenate; 20:2 for eicosadi- 
enoate; 20:3 for eicosatrienoate (w6); and 20:4 for arachidonate; 

GS for glycogen synthetase; GP for glycogen phosphorylasei 6K for 
glucokinase;HK for hexo|cinas6;G6PDH for glucose-6-phosphate de- 
hydrogenase; 6PGDH for 6-phosphogluconate dehydrogenase; FAS for 
fatty acid synthetase; AC for aconitase; GPT for glutamate-pyruvate 
transaminase; GOT for glutamate-oxaloacetate transaminase; ICDH for 
isocitrate dehydrogenase; LDH for lactate dehydrogenase; MDH for 
malate dehydrogenase; 6DH for glutamate dehydrogenase; aGP for a- 
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gXyoerol phosphate; DG for diglyceride; PC for phosphatidyl 

choline; PE for phosphatidyl ethanolamine; Pal-CoA for palmi- 

toyi*^CoA; stear-CoA for stearoyl-CoA and HMG-CoA Red. for 3- 

hydroxy-3-methyl-glutaryl-CoA reductase. 

Units of Enzymatic Activity; 

a = pmoles/min/mg protein 
b = nmoles/min/rog protein 

c = nmoles /unsaturated fatty acid/5 min/mg protein. 

Each value is presented as the mean ± standard deviation. 
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Figure 1.- Procedure for liver homogenate fractionation. 


CYTOCHROME OXIDASE ACTIVITY 
OF 80.000 g min. PELLETS 



TOTAL PROTEIN, mg 

Figure 2,- Each point represents a different saniple; all had considerable 
activity, and some samples had as much as 70% of all the hepatocyte 
cytochro™® oxidasst activity. 
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SUMMARY 

The skeletal alterations induced by space flight were determined to be a 
reduced rate of periosteal bone formation in the tihial and humeral 
diaphyses, and a decreased trabecular bone vol ume and an increased fat 
content of the bone marrow in the proximal tibial metaphysis. An increased 
incidence of arrest lines in flight animals suggested that periosteal bone 
formation may have ceased during space flight. Endosteal bone resorption 
was not affected markedly. 
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INTRODUCTION 


Changes in calcium homeostasis have been noted during space flight* 

Netabolic studies of the Sky lab astronauts indicated that a significant 
increase in urinary' calcium (l)i SimlU^ to bed rest ininobilizatlon, 
occurred in flight (2, 3). Kb change in hydroxyproline vias observed (4)* 
Bone density determinations in the Skylab astronauts showed a significant 
decrease in the os cal cl s density after B4 days of flight while no change 
in the radius or ulna was detected (2). Such data suggest that Toss of 
bone mineral is more prevalent in the weight-bearing bones. 

Microscopic examination of the metaphysis of the long bones of young Wistar 
rats after a 22-day space flight aboard the Soviet biological satell ite 
Cosmos 605 suggested that an inhibition of bone growth occurred during 
flight but returned to normal by 27 days postflight; no gross changes were 
observed in the diaphysis (5). 

Following Cosmos 782, a significant inhibition of periosteal bone formation 
was noted in the tibial diaphysis of the flight rats (6). A significant 
decrease in cross sectional area and medullary canal area in the femoral 
diaphysis was also noted (7). The ash content of the femoral epiphysis was 
decreased 18%, while the humeral epiphyseal ash content decreased and no 
change was noted in the radius or ulna ash content (8). ^^CaClg, injected 
4 hours prior to sacrifice of rats fol 1 owi ng Cosmos 782, showed an increase 
in uptake in the epiphysis of the femur and humerus with a decreased 
surface uptake in the diaphysis of the femur, ulna, and radius (8). 


Followins Cosmos 936, more Infonnation was obtained concerning the 
decreased bone formation during flight (9). Mean periosteal bone formatfoh 
rate was decreased about 45| and was not corrected by on-board 
centrifugation* No gross change In endosteal bone resorption was noted 
during flight or postfllght, the cessation of bone formation was 
calculated to occur sometime after the eleventh day of flight and continued 
until the second postfllght day* Although centrifugation did not correct 
the defect In periosteal bone formation rate during flight, It appeared to 
hasten the recovery following flight. Postfllght, all flight rats 
corrected the defect in periosteal bone formation rate. Following Cosmos 
936, about a 30i( decrease In femur stiffness was detected in the flight 
animalvbut the defect was corrected by centrifugation (9). 

A significant decrease in the weight of Soleus (32%) and extensor digitOrum 
longus (12%) muscles were reported after Cosmos 605 while nonsignificant 
decreases in the gastrocnemius or quadriceps muscles and no change in the 
biceps brachii or diaphragm mu$cles were noted (10). Similar results were 
found following Cosmos 782 (7). Mechanical forces imposed by muscle 
utilization and gravity are known to influence bone turnover; therefore, 

.... It' 

differential bone rosponses to space flight might be predicted. Such a 
differential response may be evident in the rat, a quadriped, since the 
rear limbs are used primarily for weight-bearing while the front limbs are 
used for grasping, grooming, and feeding. According to the above space 
flight results, differential effects are noted not only between 
weight-bearing and non-weight-bearing bones, but also are seen within 
different regions of the same bone. Therefore, one of the objectives of 
this study is to determine growth at the periosteum in different regions 
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both In weight-bearing (tibia) and non-weight-bearing (rib) bones* 

Following both Cosmos 782 and 936, an arrest line was found In all flight 
rats and was both more distinct and more extensive than In control rats (6, 
9). The arrest line stains with thionin suggesting that It contains acid 
polysaccharide or a basic substance which Is not fat extracted (9). 

^ , J. 

Osteocyte lacunae and walls of canallcul 1 stain similarly* Another 
objective of this study Is to obtain more precise measurements and further 
define the arrest line* 


MATERIALS AND HETHODS 


Specific pathogen-free, male Wi star rats from the Institute of Experimental 
Endocrinology of the Slovakian Academy of Sciences were approximately 83 
days of age and weighed an average of 290 grams at the beginning of the 
experimental period. The rats were divided into three groups. The flight 
animals were placed In orbit in Individual cylindrical cages aboard a 
modified Soviet Vostok spacecraft for a period of 18.5 days. There were 
two groups of ground-based controls. The synchronous control rats were 
also housed individually in a modified Vostok spacecraft and subjected to 
the conditions associated with launch and reentry. An attempt was made to 
simulate as closely as possible the spacecraft environment experienced by 
the flight animals. The vivarium control rats were housed in animal 
quarters and were not subjected to flight conditions. The first group of 
flight, synchronous control , and vivarium control rats were sacrificed at 
the end of the 18.5 day flight period. The second and third groups were 
sacrificed at 6 and 29 days postflight, respectively. 
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All rats were injected Intraperitoneally with 1 ing/kg body weight of 
Oeclqnycin three days prior to launch. Declonycin is a tetracycline 
derivative which labels areas of bone forination (11). A second Declotnycin 
Injection was adiiiinistered to the postflight group 5 days after flight. 

The rats were decapitated at the end of the experimental periods and the 
left tibia and humerus were removed. The bone lengths were measured with a 
vernier call peri after which the bones were placed in a fixative canposed 
of paraformaldehyde, glutaraldehyde I and diflourodi nitrobenzene. The vials 
containing the bones were refrigerated and shipped to the United States. 

the bones were sawed into three parts corresponding to the proximal, 
middle, and distal thirds. The proximal tibia was dehydrated in increasing 
concentrations of acetone and embedded undecalcified in methyl 
methacrylate. Multiple sections of approximately 5p m thickness were 
parallel to the longitudinal axis of the bone with a Jung model K 
microtome. Fol 1 owl ng removal of the plastic with xylene, the sections were 
stained according to the von Kossa method (12). 

The fractional area of trabecular bone and the fractional area of fat in 
the bone marrow were quantified in a 2 by 2.5 mm area of the proximal 
tibia! metaphysis with the aid of a Merz grid (13). This grid consists of 
6 semicircular lines and 36 points within a square. The number of points 
superimposed over bone and bone marrow were counted at a magnification of 
160 X. The fractional area of trabecular bone was calculated by dividing 
the number of points lying over bone by the total number of points lying 
over bone and bone marrow. The fracti onal area of fat in the bone marrow 
was quantified in a similar ^m^^^ 


Portions of the tibidi and humeral diaphyses were processed for ultraviolet 
mIcrOStopy of fluorescent tetracycline labels. The bone specimens were 
dehydrated in a series of acetone and ether changes and embedded 
undecal cif led in a styrene monomer which polymerizes into a polyester resin 
(tap Plastic Inc., San Jose^ CA), The portions of the tibial diaphyMs 
immediately proximal to the tibiofibular junction and the portion of the 
humeral diaphysis immediately distal to the deltoid tuberosity were sawed 
into SO pm thick cross-sections with a Gillings-Hamco thin sectioning 
machine. 


The Nerz grid was also used to quantify the rate of periosteal bone 
formation in the tibial and humeral diaphyses. In a growing rat, the 
periosteal surface Is fonning bone and will therefore be labeled with 
tetracycline. The number of points superimposed over the newly formed bone 
between the fluorescent tetracycline label and the periosteal surface was 
counted at a magnification of 160 X under ultraviolet illumination. The 

2 

area was calculated by multiplying the number of points by the constant d , 
with d equal to the distance between points. The rate of periosteal bone 
formation was calculated by dividing the volume of newly formed; bone 
(assumiiWj that the cross-sections were 1 mm thick) by the time interval 
betv^een administration of the tetracycline label and sacrifice. The 
medullary area in cross-sections of the tibial and humeral diaphyses was 
also quantified by point counting with a Merz grid. 

Polaroid photographs were taken of cross-sections of the tibial and humeral 
diaphyses at a magnification of 25 X. The arrest line lengths of the 
postflight group were quantified with a map measure (Dietzgen Corp. , Santa 
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Clara, CA). The distance between units of the' map measure was cal ibrated 
with a 25 X photograph of a stags micrometer. 


Additional cross-sections of the tibial diaphysis were used for chemical 
characterization of the arrest lines. The sawed sections were hand ground 
to a final thickness of about 30 ym. The following procedures were used : 

1) Unstained: unstained, mineralized ground sections were mounted in 
Abopon (Valmor Corp., Brooklyn, NY) a water soluble mounting 
medium. 

2) Nuclear fast red: mineralized ground sections were stained for 1 
min. with 1% nuclear fast red (aq.). 


3) Toluidine blue; mineralized and demineralized (15 min. in 0.2 M 
acetate buffer, pH 4) ground sections were stained for 10 min. with 
0.021 toluidine blue. 


4) Sudan black: mineralized and demineralized ground sections were 
stained with 1% Sudan black-B in 701 EtOH for 10 min. 


5) Methylene blue: mineralized and demineralized ground sections were 
stained with 11 alkaline methylene blue for 15 min. 


A segment of the tibial diaphysis was demineralized and embedded in glycol 
methacrylate. Thin sections (approximately 5 y m thick) were stained for 
acid phosphatase enzyme (14) , counter stained with aqueous methyl 




green- thi on Ine in citrate buffer, and then mounted In Fluoromdunt (E. Gurr 
Ltd., London, S.U.N. , England). 

RESULTS 

The body weights and weight gain data are shown In Table 1. The weight 
gained by the rats sacrificed immediately following flight (Group 1) was 
significantly less than that gained by the synchronous (p*0.01) or the 
vivarium (p<0. 005) control rats; the rate of gain was significantly less In 
the flight as compared to the vivarium (p<0.025) but not as compared to the 
synchronous due to the larger variability in the latter control group. The 
non-stressed animals killed 6 days after flight appeared to gain weight 
during that period following flight; however, the flight animals still 
gained significantly less weight than either the synchronous (p<0. 05) or 
vivarium (p<0. 001) control group* Again, the rate of weight gain was less 
In the flight group than the vivarium groups (p<0.001) but not signifi- 
cantly less than the synchronous rats due to the large variabil ity in this 
control group. In the stressed animals sacrificed 6 days following flight, 
the control groups appeared to maintain their weight as compared to Group 1 
rats while the flight rats lost weight (p<0.05); all groups showed a 
decrease in the rate of weight gain as compared with Group 1 rats. The 
decreased weight gain of the 3F group was significantly different from 
that of either the synchronous (p<0.001) or vivarium (p<0.001) groups and 
the rate of weight gain was significantly less than either control group 
(p<0.001 vs either control ) . The Group 4 rats did not gain as much weight 
during the flight period as did the Group 1 rats; this difference is 
probabl y rel ated to a weight loss during the 5 days after fl Ight since the 
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4S group weighed 38$i26.4 gms on 10/19 and only 369+20.4 on 10/24, The 
weight loss during this 5 day period may be attributed to the volbme of 
physiological studies performed during this time period. The synchronous 
controls In Group 4 gained weight at a higher rate than did the other 
groups; the reason for this Is unknown* However i since the Group 4 animals 
weighed more than any other group, at the beginning of the experiment, 
these animals may have been somewhat Immobilized during the flight period 
as Indicated by the Increased length of the arrest line in these rats 
(Table 4). 

Table 2 lists values for the Isongth of the left tibia and humerus and the 
bone Cross-sectional area of the tib^^^^^ diaphyses. The bone 

lengths for the three experimental groups were approximately the sam^ for 
both the tibia and humerus* The bone cross-sectional area of both the 
tibial and humeral diaphyses was significantly decreased In flight animals 
relative to vivarium control animals Immediately following flight. This 
difference was not significant in the animal s sacrificed at 29 days 
postflight. 

Values for periosteal bone formation rate in the tibial and humeral 
diaphyses and the rib are listed in Table 3. During the flight period, the 
flight rats exhibited a reduced rate of periosteal bone formation in the 
tibial and humeral diaphyses in comparison to both synchronous control and 
vivarium control rats. These differences were evaluated by means of 
Student's t-test and, in the tibia, found to be highly significant at the 
level of P<0.001. There was also a reduced rate of periosteal bone 
formation In the humerus during spacefi Ight , but It was not as marked as In 

109 


the tibia. The value for the flight rats was significantly different from 
the flight control rats at the lev^el of P<0.01, and from the vivarium 
control rats at the level of P<0.001# Periosteal bone formation rate in 
the rib did not appear to be affected by spaceflight conditions. 

During the postflight period, the flight rats exhibited an increased rate 
of periosteal bone fonnatton In the tibia In contrast to the reduced rate 
which was observed during the flight period . This Increase was significant 
at the level of P <0.025 and P <0.05 from synchronous control and vivarium 
control val ues, respectively. A simll ar increase was not observed In the 
humerus. 

The mean medullary area In cross-sections of the tiblal and humeral 
diaphyses and the rib did not e>'.h1b1t significant differences among the 
three experimental groups . 

The arrest line data are shown In Table 4. In the animals sacrificed at 29 
days postflight, the length of the arrest lines in the humeral diaphysis 
was significantly greater (P<0.025) In the flight group in comparison to 
both control groups. In the tibia, there was a1 so a significant difference 
(P<0.001) In arrest line lengths between the flight and vivarium animals, 
but not between the flight and synchronous control animals. 

The staining characteristics of the arrest lines are listed in Table 5. 
Arrest lines In mineralized ground sections were not stained cr were only 
weakly stained by Nuclear fast red, Toluldine blue, and Sudan black. In 
contrast, arrest lines In demineralized ground secti ons were stained by 
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several procedures: Sudan black, fnethylene blue and Tolutdfne blue. The 
most Intense staining was achieved with Sudan black. In addition to 
staining arrest lines the above procedures also stained Cement lines, 
osteocyts lacunae and osteocyte canal Icull. When ground sections were 
stained with Sudan black and viewed under oil. It was clear that most 
osteocyte canal Icull terminated at the arrest line. Acid phosphatase 
activity was not observed at the arrest line In 5M sections. In contrast, 
acid phosphatase was observed at cement lines and In osteoclasts^ Arrest 
lines as well as cement lines were stained by thlonlne. 

The fractional area of trabecular bone, commonly referred to as trabecular 
bone volume, is plotted vs. time in Figure 1. There appears to be a trend 
for a reduced trabecular bone volume In the prokimal tibial metaphysfs in 
flight rats. This parameter was significantly lower in the flight group 
relative to the vivarium control group at all time periods. The flight 
rats also had a consistently lower trabecular bone volume in comparison 
to the synchronous control rats. This difference was not significant 
(P<0.10) at days 19 (R+0) and 25 (R+6) but there was a significant 
difference (P<0.05) at day 48 (R+29). The trabecular bone volume remained 
relatively constant In each of the three groups throughout the experimental 
period. If the data from all three time periods were combined, the 
trabecular bone volume In the flight group was significantly different from 
both the synchronous control (P<0.025) and the vivarium control (P<0.001) 
groups . 

Figure 2 Is a similar plot of the fractional area of fat In the bone marrow 
vs. time. The data suggest that the fat content of the bone marrow In the 
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proximal tiblal metaphysis Increased during spaceflight* The difference In 

i, .. I ; ■ 

fat content at day 19 (R+0) between the flight group and both control 
groups was significant at the level of P<0*05t By the end of the post- 
flight period (day 48), there were no significant differences among the 
three groups. 

DISCUSSION 

The flight animals gained about 35t less weight and at a rate about 25t 
lower than either control group (Table 1). If the food consumption of the 
flight and control animals was equivalent, these data confirm the findings 
of previous Cosmos experiments (9) that the rat gains less weight per gram 
of food consumed while in space. The greatest differenGi between flight 
and control animals occurred in the animals stressed postflight and killed 
at R1-6 days. This suggests that the flight animals were less able to 
compensate for the immobilization stress than were the controls. Extensive 
handling of the R+29 animals postflight appears to mask the differential 
response in weight between flight and control animals; weights taken 
immediately postflight, rather than at R+6, in this group would probably be 
more consistent with other groups and would aid in the interpretation of 
the postflight effects on weight gain. 

This study demonstrates that periosteal bone formation in the tibial and 
humeral diaphyses was inhibited during orbital flight aboard the Soviet 
Cosmos 1129 biological satellite. A similar effect was observed in the 
tibia during previous Cosmos experiments (15), but the humerus was not 
Included In prior Investigations. The inhibition of periosteal bone 
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formation in the hijmerus was not a$ dramatic as in the tibia. This may be 
due to the lower rate of periosteal bone formation In the humerus relative 
to the tibia* The decrease in bone cross-sectional area in the tiblal and 
humeral diaphyses may be related to the inhibition of pefl osteal bone 
formation, fhe rate of periosteal bone formation In the rib was not 
significantly decreased during spaceflight, possibly due to its 
non-weight*-bear1ng nature. Also, the periosteal bone formation rate in the 
rib may be too low to exhibit a significant change during the relatively 
short flight period* 

The rebound in periosteal bone fonnatlon rate In the tibia during the 
postflight period has also been previously observed. The humerus did not 
exhibit a similar rebound, but periosteal bone formation did return to 
normal during the postfl Ight period. 

The results from Cosmos 792 (6) and Cosmos 936 (9) demonstrate that arrest 
lines are greatly Increased during space flight. The results of the 
present study add further support to that concl us ion . Interestingly, the 
1 ength of the arrest 1 ine in flight and synchronous groups (Table 4) was 
more extensive than that noted In previous flights (Cosmos 782: flight, 5*3 
mm; synchronous, 2.1 mm; Cosmos 936: flight, 4.0 mm; synchronous, 1.6 mm). 
The dramatic Increase in the extent of the arrest line, particularly In the 
synchronous animals, In Cosmos 1129 may have been rel ated to the larger 
size of the rats confined to a small space. The starting weight of the 
flight rats for the two previous missions was about 220 gms while the 
synchronous groups weighed about 190 gms; for Cosmos 1129, the 4F rats had 
an Initial weight of about 320 gms while the corresponding synchronous 
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group had an average mass of about ^UO gms* This Increased initial mass of 
around 100 gms In Cosmos 1129 rats may have scmewhat Inmoblllzed thim} rats 
for all missions were housed In cylindrical 1y shaped cages which were 
approximately 8.12 Inches deep and 3.75 Inches In diameter. Conversely* 
the vivarium animals for all flights had similar arrest line lengths 
(Cosmos 782 ■ 1.5 mm; Cosmos 936 ■ 1.6 mm; Cosmos 1129 * 1.6 mm). For 
Cosmos 936, the vivarium animals (205 gms) were housed 5/cage In standard 
polyvinyl cages (450 x 310 x 160 mm) while for Cosmos 1129, the vivarium 
controls (305 gns) were housed 3-4/cage in similar cages (550 x 33P x 195 
mm). Thus, cage restraint may Increase the length of the arrest lines, but 
weightlessness even with cage restraint Increases the length of the arrest 
line greater than cage restraint alone. 

Formation of arrest lines appears to be associated with a temporary 
cessation of bone formation. Arrest lines clearly differed from cement 
lines. The latter were highly irregular In appearance and exhibited acid 
phosphatase activity. Arrest lines were smooth and showed no residual acid 
phosphatase from prior osteoclast activity. The staining properties of 
arrest lines (lack of staining by mineralized ground sections and no 
selective staining by a variety of methods in demineralized ground 
sections) and the demonstratiofi that osteocyte canal Iculi rarely pass 
through arrest lines suggest that arrest lines represent a cessation of 
tone matrix formation followed by reinitiation of bone formation at a later 
ftime.; 

There were no significant differences among the three experimental groups 
in cross-sectional medullary area In the tiblal and humeral diaphyses and 
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the rib. The predominant activity along the endosteal surface of the 
medullary canal In growing rats Is bone resorption. An alteration In bone 
resorption dur log spaceflight would presumably be accompanied by a change 
In the dimensions of the medullary canal. Since this did not occur, these 
data suggest that no gross changes In endosteal bone resorption occurred 
during spaceflight. However, subtle changes in bone resorption may not be 
revealed by this technique. 

A decreased trabecular bone volume and an Increased fat content of the bone 
marrow in the proximal tiblal metaphysis appear to be a consequence of 
spaceflight* However, these parameters are difficult to evaluate due to a 
great deal of variability within groups. A decreased mass of trabecular 
bone In the femoral and tiblal metaphysis has been reported In half of the 
rats subjected to spaceflight aboard the Soviet Cosmos 605 biosatelllte 
(5). A marked elevation of triglycerides In the bone marrow of flight rats 
during the Cosmos 936 experiment (16) supports our finding of an increased 
fat content In the bone marrow. 

In summary, the findings in this study demonstrate; 1) the rate of 
periosteal bone formation in the tibial and humeral diaphyses decreased 
during the spaceflight period; Z) the decrease in formation may be due, in 
party to a cessation of bone formation, as evidenced by the increased 
incidence of arrest lines in flight animals; 3) endosteal bone resorption 
was not affected markedly by spaceflight conditions; 4) the trabecular bone 
volume in the proximal tibial metaphysis decreased during the flight and 
postflight periods; 5) the fat content of the bone marrow in the proximal 
tibial metaphysis increased during spaceflight. 
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TABLE 1 


GROUP 

N 

HEIGHT 

(9) 

HEIGHT 

(9) 

# DAYS 

HEIGHT CHANGE 
(9) 

1 control s 

RATE OF HEIGHT GAIN 
(g/diy) Af 

controls 

IF 

7 

287+6*5* 

33%8*8 

22 

4%9*1 -33 

2*2+0*41 

-21 

IS 

7 

270tl7«7 

344+18*3 

27 

74+18.9 

2*7+0*70 


!V 

7 

297416.9 

367+12*8 

25 

70+9*4 , 

2*8+0*38 


2F 

6 

291+13*3 

354+17*0 

28 

63+7*6 -36 

2.2jj).27 

-30 

2S 

6 

274+18*6 

373+23*4 

33 

99+33*3 

3*0+1*01 


2V 

6 

277+9*7 

376+13*0 

30 

99+10*5 

3*3+0*35 


3F 

7 

291+11*5 

326+15*8 

28 

34+10*8 -51 

1*2+0*39 

-45 

3S 

7 

268+13*5 

337+12*6 

33 

69+8*1 

2*lJ5).25 


3V 

7 

285+13*0 

355+5*9 

30 

70+12*1 

2*3+0*40 


4F 

5 

317+18.6 

356+21*9 

27 

39+6*7 

1*4+0*25 


4S 

5 

311+28.8 

369+20*4 

32 

58+15*2 

1*8+0*46 


4V 

5 

307+27*3 

348+25*1 

27 

41+5*5 

1*5+0*20 


4F' 

5 

356+21*9 

392+34*2 

24 

36+15*2 

1*5+0*63 


4S‘ 

5 

369+20*4 

447+44*9 

24 

78+24*6 

3*3+1*03 


4V 

a 

348+25*1 

385+34.5 

24 

37+2*7 

1.5jO*ll 



The first weight was taken upon the first injection of tetracycline in all 
groups except 4’ which was taken upon the second injection of tetracycline* 

The second weight was taken upon sacrific^^ of the rats in all groups 
except 4 which Was taken upon the second injection of tetracycline* 

N ■ number of rats 

^ ■ 119 




TABLE 2 

BONE DIMENSIONS 

BONE CROSS- 

LBNGTH (cm) SECTIONAL AREA(nn2> 




LEFT 

LEFT 

LEFT 

LEFT 

GROUP 

N 

TIBIA 

HUMERUS 

TIBIA 

HUMERUS 

GROUP 1 

(R-W) 

3.80^ 

2.71 

3.68** 

3.31** 

FLIGHT 

7 

+0.06 

40.09 

40.17 

+0.18 



3.77 

2.69 

4.10 

3.43 

SYNCHRONOUS CONTROL 

7 

40.09 

40.06 

40.47 

40.29 



3.90 

2.79 

4.09 

3.64 

VIVARIUM CONTROL 

7 

40.09 

40.07 

+0.33 

^.27 

GROUP 4 

(R+29) 






3.97 

2.77 

4.23 

3.76 

FLIGHT 

4 

40.05 

40.10 

+0.34 

40.25 



4.08 

2.93 

4.75 

3.94 

SYNCHRONOUS CONTROL 

5 

40.11 

40.10 

40.48 

+0.52 



3.90 

2.85 

4.51 

4.03 

VIVARIUM CONTROL 

5 

40.12 

40.06 

40.38 

40.48 


* Mean+1 S.D. 

** Significantly different from vivarium control values (P< ,025)* 
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TABLE 3 


EFFECT OF SPACEFLIGHT ON BONE TURNOVER 


FERlOSTEALi BONE 

FORMATION RATE MEDULLARY CROSS- 

(10”3 SECTIONAL AREA(nm2) 


GROUP 

N 

TIBIA 

HUMERUS 

RIB* 

N 

TIBIA 

HUMERUS RIB* 

GROUP 1 

(R-H)) 

10,0** 

10.9** 

3.66 


0.99 

1.11 

0.09 

FLIGHT 

11 

+2.1 

+2.2 

41.45 

7 

ip.l9 

40.12 

40.04 



17.9 

14.2 

4.52 


0.92 

1.18 

0.08 

SYNCHRONOUS CONTROL 

11 

+2.7 

+2.8 

+2.06 

7 

+0.13 

+0,17 

+0.03 



22.6 

17.9 



0.99 

1.21 


VIVARIUM control 

11 

+4.7 

+5.3 


7 

+0.13 

40.32 


fiBOUP A*** 

(R+29) 









16.4** 

11.7 



0.92 

1.43 

mm- 

FLIGHT 

4 

+2.1 

+1,4 


4 

ip.08 

40.12 

mm- 



12,6 

10.7 



0.88 

1.45 


SYNCHRONOUS CONTROL 

4 

+2.4 

+2.4 


5 

±0.14 

40.18 

-•m 



14.5 

12.3 



0.79 

1.20 


VIVARIUM CONTROL 

■ ' k ... 

+2.3 

+3.0 


5 

40.13 

40.14 












* Bach value fqr the rib is the mean + the standard deviation of 
5 animals^ 

** Significantly different from control values (see text). 

Although 5 rats were used for each group, only 4 were analyzed since 
rat 4F-3 ajppeared to have traumatized, his tibia and was forming woven 
bone following flight and rats 4S-4 and 4v-5 did not label when given 
their second tetracycline injection. 


TABLE 4 

EFFECT OF SPACEFLIGHT ON FORMATION OF ARREST LINES 


ARREST LINE 
LBNGTH (mm) 


GROUP 

N 

TIBIA 

HUMERUS 

Group 4 

(R+29) 





7.3* 

6.0* 

FLIGHT 

4 

±0.6 

±1.1 



. 6.1 

^4.0 

SYNCHRONOUS CONTROL 

5 

*1.4 

±0.7 



^1.6 

.4.1 

VIVARIUM CONTROL 

5 

±1.2 

±0.2 


*Slgni£icantty different from control values (see text) 
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TABLE 5 

Staining Properties of Arrest Lines 


STAIN INTENSny^ 


Nuclear Fast Red (mineralized) 

0 

Toluidine Blue (mineralized) 

0 

Tolvidine Blue (demineralized) 

** 

Sudan Black (mineralized) 

0 

Sudan Black (demineralized) 


Methyl ene B1 ue (mi neral i zed ) 

0-* 

Methylene Blue (demineralized) 

♦* 

^Relative stainihg intensity; 0 to 
values 

*** are increasing 


FRACTIONAL AREA OF TRABECULAR BONE 
(mm2 BONE/mm2 METAPHYSEAL TISSUE) 


FLIGHT 

FLIGHT CONTROL 
VIVARIUM CONTROL 


.30 



0 19 25 48 

(L+0) (R+OHR+6) (R+29) 

TIME, days 


Figure 1. The fractional area of trabecular bone (trabecular* bone volume) 
In the proximal tibia! metaphysis vs. time. The spacecraft 
was launched on day 0, and recovered on day 19. Day 25 is 
equivalent to recovery + 6 days, and day 48, the end of the 
postflight period, is equivalent to recovery + 29 days. Each 
point is in the mean of 7 animals at day 19, 6 animals at day 
25, and 5 animals at day 48. The vertical lines represent the 
standard deviations. The point at day 0 is the mean of 10 
basal control rats + the standard deviation. These rats were 
housed in animal quarters and sacrificed at the beginning of 
the flight period. The flight control group is equivalent to 
the synchronous control group. 



Figure 2. The fractional area of fat in the bone inarrow in proximal 
tibial metaphysis vs. time. See the legend for Figure 1 for a 
detailed description. 
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K305: QUAMT1TA7IVE ANALYSIS OF SELECTED BONE EARAMBTERS 

Supplmiantal Rspclft 1: Effects of Nelghtlessness on Osteoblast 

Differentiation In Rat Molar Perlodontlial 


H. Eugene Roberts and Peter 0 . Mozsary 
University of the Pacific Dental School 
San Francisco^ CA 

Emily Morey^olton 
NASA-Ames Research Center 
Moffett Field* CA 94035 


SUMMARY 

Periodontal ligament (POL)* the osteogenic Interface between tooth and bone* 
was morphometrically analyzed In rats subjected to 18. 5 dayt of 
welghtiessneas • Immediately post^fllght* PDL width and total cell number 
ware decreased. Frequency distributions of nuclear volume revealed that 
preiumptlve preosteoblasts (nuclei > 130pm^) were particularly depressed. 
Depleted numbers of preosteoblasts may be an Important factor In the 
mechanism of Inhibited bone formation during weightlessness. 


INtRODUCTION 

Marked depreialon or arreat of bona foraatlon la aaaoclatad vlth apace 
flight and alaulated walghtlaaanaaa (6,7)> The aechanlaa of ehla 
ouppreaalon of oateogeneala la unclear> but probably Involyea altered 
Induction* 

the naxllla Is not a weight-bearing bone and la not directly aub4ected 
to antlgr&vlty posturing aa are the long botiea# Thua, alveolar bone of the 
■axillary perlodontlua la an Intereatlng exp»«rlaental contraat to the axial 
akeleton to determine whether the depreaalon hf bone formation la a 
generalised, ayatemlc effect. 

Ualng cytomorphometrlc nethods, flbroblaat-llke cells In the rat tOb are 
separated Into four compartments (A, B, C, D) according to Increasing 
nuclear volume. "D" fraction nuclei (> I75pm^) are the flrat to proliferate 
following osteogenic stlmnlua and are the Immediate kinetic precursors of 
osteoblasts. "A" fraction nuclei , the smallest In the series (< 80 pm^), 
are less differentiated cells which are the source of 1) fraction nuclei 
(IS). These data Indicate that nuclear volume frequency distributions are 
an effective means of assaying preosteoblast differentiation in a population 
of connectlva tissue cells. 

ThuS| the objective of this experiment was to determine whether spaceflight 
would alter cellular Induction In the flbroblast-llke cells In the rat POL. 


MATERIALS AND WTHODS 


SpsclCtc pnt:hogen-frec, Hide Viatajt ratf ftoa the Inttitute of Experl«entiil 
Endocrinology of the Slovenian ABidemy df Science^ were approximately 
83 dayo of age and weighed an average of 290 grama at the beginning 
of the exparlmantal period. The flight animal a were placed In orbit In 
Individual cylindrical cages aboard a modified Soviet Vpstok ipacecraft for 
a period of 18.5 daya. There were two typee of ground-baaed controla* Ihe 
aynchronoua control rata were houaed Identically like the flight anlmala and 
aubjected to the condltlona aaaoclated with launch and reentry i An attempt 
waa made to almulate aa cloaely aa poaalble the apacecraft environment 
experienced by the flight anlmala. The vivarium control rata were houaed In 
animal quartern and were not aubjected to flight condltlona. 

The rats were divided into four groupa. The firat group Of fllghti 
aynchronoua control* and vivarium control rata were sacrificed at the end of 
the 18.5 day flight period. The second and fourth groups were saerlflced at 
6 and 29 daya poatflight* reapectlvely. Tine third group, which was aub*- 
jected to Iramobllizaclon atreos and sacrificed 6 days after fllghti was not 
analyzed In thla experiment. All rats were Injected Intreperltoneally with 
I mg/kg body wight of Declomycln thvee days prior to launch. Declomycin la 
a tetracycline derivative which labels areas of bone formation (7). A 
second Declomycin Injection was administered to the postflight group 5 days 
after flight. The rats were decapitated at the end of the experimental 
periods I and skulls were preserved In trlple-flx (3). 

Maxillary left first molars and surrounding periodontium were dehydrated in 
a series of acetone and ether c han ges and embedded undecalclfled In a 
styrene monomer which polymerizes Into a polyester resin (Tap Plastic Inc*, 
San Josei CA). The mesial root of the maxillary left first molar waa sawed 
In the mldsagittal plane Into 50 pm thick sections with n Gllllngs-Hamco 
thin sectioning machine. Fluorescent tetracycline labels were observed at 
160X under ultraviolet Illumination. 


MaxllXaty fight: lirat aoiar* and aurfoundtng p^fiQdpnCiiui wfte daalnarallzed 
in lot EOXA (pH 7«4) foe two weeks, enbadded in nodifiad otatHyl nethacrylata 
(5), aifd aerially aec tinned a^ ^ The Mtaial foot of the naxillary firat 
■olar vna cut in the aid-aagittal plane, parallel to the long axia of the 
root* Snrial aectiona ware aounted on gelatiniaed alidea and atained with 
henatoxylin and eoaln/phloxlne* 

The region studied waa a 300 Un length Of aidroot PDh on the aMteial aspect 
of the ■esial root of the naxillary first nolars. Under oil iamersion at 
lOOOX, the length (2a) and width (2h) of the nuclei of all fihroblast-llke 
PDL cells were neasured wi±h an ocular nicroneter* Since nuclei in the area 
studied are prolate iipherold (width app^oxinating depth, correlation of r ■ 
0*9) and are 90~95!C oriented in the nid sagittal plane, nuclear yoluae of 
each nucleus was calculated according to V ■ 4/3 irah^* Replication error, 
for detemining nuclear voluve with this method, is inversely related to 
width and ranges from ^ to For groups of 100 to 1000 nuclei, repro~ 

ducibility of relative frequency dlatributlona ia +5 to ;flOX, Inveraely 
related to aanple aitc. 

Each nucleus wss categorized according to location within the PDL* Zone I 
is within 23 pm of bone. Zone II ia further than 25 pm but within the bone 
half of the PDL, Zone 111 is on the cementum side but further than 25 pm 
from the root surface, and Zone IV ia within 25 pi of the cementum aurface* 
Aa previoualy described, about 90% of PDL vartularlty in thia area ia 
located in Zone II (10). 

Volumea for 100 nuclei from throughout the width of the PDL were determined 
for each animal* five animals were quantitated for a total sample of 500 
nuclei per subgroup (i.e*, flight, vivarium, or synchronouf). 

frequency distributiona of nuclear volume for each of the nine subgroupa 
were calculated (Tablea I-IXI)* Means and standard deviations are given in 


Table 1V< Table V la a atafclatlcal conparlaon of aubgroupt ufclliilnt 
3i:udent:'a t-caat* Table VI la aean nuclear voluaea according to 
hiacologlcal aonea and Table VII la Intersone atatlatlcal ccMiparlaona 
(t'^teat with p<*05 conaldered algnlficant)* 

RESULTS 

In general I the alveolar bone aurface adjacent to the area of PDL atudled 
(Malal aapect of narlllary flrat aolar) waa a bone fomlng aurfacey aa 
revealed by tetracyllne labela* Coepared to ylvarlua controla (IV) | fre’* 
quency dlatrlbutlona of nuclear voluae (Intervala of 10 pn^) for the 18*5 
day flight aubgroup (IF) aacrlflced at recovery revealed a relative Increaae 
In aaaller nuclei (< 80 pa^) at the expense of larger nuclei (> 130 pa^) 

In contrasty aynchronous controls (1$) showed a relative Increase In larger 
nuclei coapared to either the flight or vlvarlua controls (Table ly Figure 
1 ). . 

These bbservationa were conflraed by comparing the nuclear voluae means for 
subgroups IFy ISy IV In Table IV« Relative to the vivarium controls (lV)y a 
significant (p <0<001) decrease In mean nuclear volume was obaerved for 
flight (lF)y while aynchronous controla (IS) displayed a slgnlftcant 
(p <0.001 ) Increase (Table V). At 6 and 29 days after flighty aean nuclear 
VOltaie (all zones combined) of post-flight anlaals (2Fy 4F) and synchronous 
controls (2Sy 4S) were no longer algnlflcantly different from vlvarlua 
controls (2Vy 4V) (Tables IV and V). Figure 2 depicts the nuclear volume 
frequency distributions of the flight anlaals at the three different time 
periods and shows that a shift In the curve toward normal Is obvious by 8 
days after return to IG. 

No significant differences In interzone mean nuclear volumes were observed 
for Groups 2 or 4 (6 or 29 days poBt~fllghty respectively) . Compared to 
vlvarlua controls (IV) y Zone I nuclei of synchronous controls (IS) were 
algntflcantly (p < .02) larger y while those of flight rata (IF) were signifi- 
cantly (p<. 01) saaller (Table VI and VII). Synchronous controls were 
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•ignlfleanfcly (p<*OX) larger than animals expoa^d to weightlessness (IF). 
The only significant dlffecente In Zone ll was a smaller mean nuclear alze 
of flight (IP) versus synchroiioUs controls (IS). In Zone III, IS nuclei 
were significantly larger than either the IF or IV subgroups. Flight rats 
(IF) had significantly smaller mean nuclear volume than vivarium controls 
(IV). 

As shown In Table VIII, width of the midroot PDL was significantly (p < .01) 
less for flight (IF) animals than for either control group. However, there 
were no significant differences In PDL nuclear density of flbroblast**like 
cells for the IF, IS and IV subSi^oups (Table IX). 

Compared to the vivarium control range (mean 1 standard deviation of all 
zones at all time periods), mean nuclear volumes in Zones II, III, and IV of 
IF rats recovered, to near control values, by 6 and 29 days after flight. 
Zone I is no longer significantly different at S days and Is within the 
control range by 29 days (Figure 3 ). Synchronous controls, which have 
significantly (p .01) larger mean nuclear size In Zone I Immediately after 
flight, are back In the control range by 6 and 29 days (Figure 4). 

DISCUSSION 


Bone formation, adjacent to the area of the PDL studied in this experiment, 
Is an interesting observation because similar rats maintained on a standard 
pellet diet normally resorb bone In this area. Roberts (9) attributed the 
resorblng surface to mesial movement of the first molar roots In response to 
physiological approxlmal drift. As the Interdental areas are abraded, 
the first molar tips dlstally to maintain contact with the second molar. 

This general growth pattern for rats and mice has been confirmed by bone 
labeling studies (2,18). The low grit, paste diet for the present study may 
cause less approxlmal attrition and distal tipping of the first molar. The 
net effect Is a tendency toward bone formation as the tooth extrudes In 
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r«spon*e to IntoraMlllary icovth* Thut» bone fonmtlon on th« Mslnl 
(rntlinr than the dletal) aurfaca of tha luxlllary f Irat nolar la probably a > 
41et effect. 

In contraat to previoua studies of fontalln fixed tissue (lA^lS), control 
frequency distributions are about 25X smaller, overall. Since the relative 
distributions ace quite slallar, this probably reflects a difference In 
tissue processing shrinkage associated with the "triple fix" used In these 
studleo. Consequently, the Immediate precursors of osteoblasts, previously 
described as ^ l75 pm^ (IS) are probably ^130 pm^ in tha present study. 
Relatively undifferentiated (germinal) precucaor would be .exacted In the 
<80p«^ range (15). 

The moat extensively studied cell kinetic model of mechanically Induced bone 
formation Is experimental orthodontics (1,8,12,13,16,20,21). The specific 
osteogenic response In PDL is increased conversion of small to large nuclei 
within 8 hours (15) and recruitment of flbroblast-llke cells into DNA 
synthesis beginning at about 21 hours after application of orthodontic force 
(17). Subsequent kinetic studies have confirmed chat cells of the large 
nuclear fraction are the immediate precursors of osteoblasts (15). 

These studies suggest that the shift In nuclear volume (from< 80 to>l30 pm^) 
independent of l^A synthesis, is a critical, mechanical stress mediated 
event in osteoblast differentiation. As shown in Figure 1, synchronous 
controls (IS) show a significant increase In presumptive preosteoblasts 
(nuclei >130 pm^). This may reflect high endogenous corticosteroid levels 
In response to the physiological stress of simulated space flight and con-* 
flnenent In a rather small cage. These data are consistent with more rapid, 
octhodontlcally induced bone formation in cortisol treated rats (11). 
Apparently corticosCerolds enhance formation of preosteoblasts, and nay be 
an Important factor in the change in genOmic expression, which is nsnlfest 
by an Increase in nuclear volume. Independent of DNA synthesis (15). 


1 


It !• pesBllile that the enhanced preost:eobli|i 3 t: mituiratlon aeacclatod with 
cortlcopterolda la mediated by parathyroid horaone becauae the aecondary 
hyperparathyroid effect of coctlcoaterolda la well eatahllahed (4» 19)) and 
parathyroid extract apeclflcally atlnulatea proliferation of the large 
nuclear fraction (14). 

Welghtlesaneaa appears to deplete preosteoblastS) as evidenced by 
8lgnlficantly (p< 0.001) decreased nean nuclear volone In PDL from rata 
killed immediately after space flight, compared to either synchronous or 
vivarium controls (Table V) • Frequency distr-lbutlons (Tabie l-IIl and 
Figures 1 and 2) confirm a lower proportion of cells With larger nuclei, 
while numbers of smaller nuclei are relatively Increased. This may be a 
generalized systemic effect on bone since the PDli/maxllla complex la not 
weightbearing* 

An Interesting dichotomy between simulated (synchronous) and actual space 
flight Is evident. Enhanced preosteoblast formation, subsequent to 
physiological atreas , may be blocked by lack of mechanical stress during 
weightlessness. The critical step may be the failure to convert cells with 
smaller, less differentiated iiuclel to "preosceoblasts", wlilch are charac- 
terized by relatively large nuclei. This Is a key mechanism In the first 
hours of orthodontlcally Induced osteogenesis (15), and could be a differen- 
tiation <!ivent that la inhibited In a weightless environment. 

This explanation would predict normal and possibly elevated rates of bone 
formation during early stages of space flight, with rapidly decreasing bone 
accretion as the supply of viable osteoblasts Is exhausted. Return to a 
tecrestrlal environment reverses the suppression of preosteoblast 
production, as evidenced by increased mean nuclear volumes at 6 days (2F) 
and 29 days (4F) after flight. Frequency distributions (Figure 2) confirm 
recovery of the relative number of presumptive preosteoblasts (nuclear 
volume >130 pm^) at 6 and 29 day 
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Studies of orthodontlcally Induced osteogenesis have shown that new 
osteoblasts are produced and bone formation Initiated In about 40-48 hours. 
Since the overall cell census, as well as relative number of preosteoblasts. 
Is depressed Immediately following space flight, cell replenishment would be 
expected to require an additional 20-32 hours <15 ). This cell kinetic data 
predicts a minimum of 60-80 hours to reestablish significant bone formation 
following space flight, which Is essentially Identical to the three day 
estimate calculated from tetracycline labeling studies of tlblas from 
Cosmos rats (Table X). 


The 29% decrease In POL width of flight rats (Table VIII) may be related to 
the 36.2% reduction in extracellular water observed In the same animals 
(22). Since a major portion of POL is ground substance, which Is pre- 
dominantly water, the decrease In thickness Is probably a relative 
dehydration. The loss of water apparently does not affect nuclear si, re,, 
because the overall range of nuclear volume for flight versus control ani- 
mals is unchanged (Figures 1 and 2). Thus, tissue shrinkage In the PDL 
appears to Involve primarily extracellular matrix and/or cytoplasm. 

Assuming the total census of PDL cells Is unchanged between groups, cell den- 
sity should Increase m the PDL width decreases. In fact, cell density Is 
not significantly different In flight rats (Table IX), even though PDL width 
Is less (Table VIII). This Indicates a net loss of cells during 
weightlessness. Therefore, the preferential loss of preosteoblasts (large 
nuclei) probably involves not only a block in differentiation, but a failure 
of proliferation and/or enhanced cell death, as well. 


This morphometric study suggests that depleted numbers of preosteoblasts may 
be an Important factor In the arrest of bone formation during 
weightlessness. Data are consistent with either a defect In proliferation 
and/or differentiation. Additional cell kinetic studies utilizing 
^H-thymldine are needed to define the mechanism of this Important aerospace 
problem. 
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TABLE Ii. R40 


NUCLEAR VOLUME FREQUENCY DISTRIBUTIONS 
(Mean (x) and Standard Deviation (SD) at each 10 interyal) 


Nuclear Volume IF IS IV 


(Mm3) 

X 

SD 

X 

SD 

X 

SD 

up to 40 

1.40 

0.89 

0.40 

0.55 

1.20 

2.68 

41 - 50 

7.60 

2.97 

3.60 

1.67 

4.40 

1.34 

51 ^ 60 

11.20 

2.17 

6.20 

3.63 

10.00 

4.06 

61 - 70 

13.60 

2*07 

5.60 

1.82 

6.40 

1.34 

71 - 80 

12.40 

2.97 

6.80 

2.49 

11.20 

2.28 

81 - 90 

10.20 

4.49 

7.60 

0.55 

8.40 

2.07 

91 - 100 

10.40 

2.51 

9.80 

2.28 

7.80 

1.30 

101 - 110 

8.20 

0.55 

9.00 

2.92 

13.20 

1.79 

111 - 120 

6.80 

2.59 

1.20 

5.40 

7.60 

2.07 

121 - 130 

3.80 

1.9S 

3.60 

1.52 

5.20 

1.64 

131 « 140 

4.00 

2.00 

7.20 

0.84 

6.20 

1.92 

141 - 150 

2.60 

1.14 

6.80 

3.35 

4.00 

1.87 

151 - 160 

4.80 

1.48 

9.20 

3.49 

6.60 

0.89 

161 - 170 

1.20 

0.84 

2.80 

1.79 

1.20 

0.45 

171 - 180 

1.20 

1.64 

4.00 

2.35 

2.60 

2.07 

181 - 190 

1.00 

0.71 

2.40 

1.82 

1.20 

0.84 

191 - 200 

- 

- 

1.20 

1.10 

2.00 

1.22 

201 - 210 

0.20 

0.45 

.80 

0.84 

0.40 

0.55 

211 - 220 

- 

- 


- 

- 

- 

221 - 230 

— 

- 

0.80 

0.84 

0.40 

0.55 


R ■ recovery 

Sample size (n) is 100 nuclei for each specimen (animal), with five animals 
(500 total nuclei) for each subgroup (IF, IS, lV)t 


TABLE II. R-i« 

NUCLEAR VOLUME FREQUENCY DISTRIBUTIONS 
(Mean (x) and Standard Deviation (5D) at each 10 Interval) 


Nuclear Volume 2F 


2S 


2V 



(Vm3) 

X 

so 

X . 

SD 

Si 

SD 

up to 40 

1.20 

1.30 

0.20 

0.45 

0.40 

0.55 

4 

41 - 50 

3.40 

1.52 

5.00 

2.00 

1.60 

0.55 

( 

51 - 60 

8.40 

3.85 

7.20 

2.28 

8.40 

2.07 

{ 

51 - 70 

7.40 

6.11 

5.40 

2.19 

6.60 

1.32 


71 - 80 

8.20 

1.48 

9.00 

1.87 

11.40 

4.72 

( 

81 - 90 

7.80 

2.28 

6.80 

1.64 

6.20 

1.79 

i 

91 - 100 

9.80 

4.15 

9.60 

1.95 

10.40 

4.04 

101 - 110 

12.40 

3.44 

14.80 

3.27 i 

12.80 

2.59 

111 - 120 

10.80 

2.68 

9.60 

3.13 

12.80 

2.05 

121 - 130 

4.20 

1.30 

6.00 

2.24 

7.20 

1.30 

131 - 140 

7.60 

2.30 

8.60 

1.95 

7.40 

1.67 

141 - 150 

5.40 

1.14 

4.40 

1.14 

2.60 

1.14 

i: 

51- K 

50 

8.80 

3.42 

5.80 

0.84 

6.40 

2.07 

1< 

51 - i: 


1.40 

1.14 

2.80 

2.49 

1.80 

1.10 

i; 

^1 - 11 

80 

1.80 

0.84 

' 2.80 

0.45 

1.40 

1.34 

11 

81 - 1! 


0.80 

1.10 

0.60 

0.55 

0.80 

1.30 

11 

91 - 21 



0.45 

1.20 

1.30 

1.20 

0.84 

2 


10 

0.40 

0.89 

0.20 

0.45 

0.20 

0.45 

3 



- 

- 

- 

- 

0.20 

0.45 

2: 

21 - 2; 


- 

- 


- 

0.20 

0.45 


K ■ recovery 


Sample size (n) Is 100 nuclei for each specimen (anlmal)» with five animals 
(500 total nuclei) for each subgroup (2P, 2S, 2V). 


TABLE III. R-t-29 


NUCLEAR VOLUME FREQUENCY DISTRIBUTIONS 
(Mean (x) and Standard Deviation (SD) at each 10 interval) 


Nuclear Volume 

(Mm3) 

! ^ 4F 

X 

SD 

4S 

X 

SD 

4V 

X 

SD 

up to 40 

1.20 

0.80 

0.84 

0.45 

0.40 

0.55 

41 - 

50 

3.40 

2.30 

3.80 

1.30 

3.40 

1.95 

51 - 

60 

7.80 

3.56 

9.80 

4.44 

7.00 

1.87 

Si- 

70 

8.20 

3.90 

7.00 

0.71 

6.60 

2.97 

ll ^ 

80 

11.80 

0.45 

9.20 

1.92 

9.80 

2.68 

81 - 

90 

9.40 

3.58 

8.00 

2.74 

7.60 

3.29 

91 - 

100 

9.60 

2.61 

7.00 

2.92 

10.60 

2.19 

101 - 

110 

11.60 

2.41 

12.60 

0.89 

10.60 

0.89 

111 - 

120 

8.40 

4.04 

8.40 

2.70 

11.40 

2.79 

121 - 

130 

4.40 

3.05 

5.60 

0.89 

6.60 

3.71 

131 - 

140 

6.00 

2.35 

7.00 

2.12 

6.00 

2.45 

141 - 

150 

4.60 

0.89 

5.00 

2.24 

4.60 

0.89 

151 - 

160 

7.20 

2.86 

8.00 

3.08 

8.40 

0.89 

161 - 

170 

1.60 

1.34 

1.00 

1.22 

1.20 

1.30 

171 - 

180 

1.40 

1.14 

4.20 

1.64 

2.60 

3.13 

181 - 

190 

0.60 

0.89 

1.40 

0.55 

0.40 

0.55 

191 - 

200 

1.00 

1.00 

0.60 

0.55 

1.80 

0.84 

201 - 

210 

0.20 

0.45 

0.40 

0.55 

0.60 

0.55 

211 - 

220 

- 

- 

- 

- 

- 

— 

221 - 

230 

1.00 

1.00 

0.20 

0.45 


- 


R "recovery 

Sample size (n) is 100 nuclei for each specimen (animal), with five 
animals (500 total nuclei) for each subgroup (4F, 4S, 4V)* 
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TABIJ& IV 


NUCLEAR VOLUME OF PERIODONTAL LIGAMENT FIBROBLAST-LIKE CELLS FOR SPACE 
FLIGHT (F), SYNCHRONOUS CONTROL (S) AND VIVARIUM CONTROL (V> RATS* 



TOTAL SAMPLE* 



Time After Flight 

Group 

X 

SD 

n 

0 days 

IF 

85.90 

19.41 

500 

(Group 1) 

IS 

112.69 

41.13 

500 


IV 

101.96 

38.10 

500 

6 days 

2F 

3G3UL 

36.41 

500 

(Group 2) 

2S 

105.25 

36.02 

500 


2V 

104.57 

34.75 

500 

29 days 

4F 

100.51 

38.46 

500 

(Group 4) 

4S 

104.92 

38.78 

500 


4V 

105.00 

36.02 

500 


*Mean (x), standard deviation (SD)» and sample size (n) for the total 
sample (all frequency distribution Intervals) of each subgroup, based 
on quantitation of 100 nuclei from each of five animals (5 x 100 ■ 500) 


TABLE V TESTS FOR STATISTICAL $IGNIPICANCE* 


IntgrEtoup Cdap«li<>n» 

Post-flight 


Sacrifice Times 




n 

t 

P 

0 days 

IF 

VS* 

IS 

500 

13.20 

<.001 

(Group 1) 

IP 

vs* 

IV 

500 

8.41 

<.001 


AS 

vs. 

IV 

500 

4.23 

<.001 

6 days 

2F 

Vi. 

2S 

500 

0.35 


(Group 2) 

2P 

vs. 

2V 

500 

0.22 



2S 

vs. 

2V 

500 

0.15 


29 days 

4F 

vs. 

4S 

500 

0.74 


(Group 4) 

4F 

Vs. 

4V 

500 

o.ei 



4S 

vs. 

4V 

500 

0.01 

- 



Intraecaun Coaparlsons 

1F/2F/4F 

IF 

VS . 2F 

500 

9.46 <.001 


IF 

vs . 4P 

500 

7.57 <.001 


2F 

VS. 4P 

500 

1.22 

XS/2S/4S 

IS 

vs. 2S 

500 

1.25 


IS 

VS. 4S 

500 

1.22 


2S 

vs* 4S 

500 

0.17 

1V/2V/4V 

IV 

vs. 2V 

$00 

0.49 


IV 

vs. 4V 

600 

0.62 


2V 

vs, 4V 

500 

0.09 


* n is ssinpls sizo (XOO nucloi x 5 aniin^ilS')? t xofozs to Student's t— tost 
p 4s probability based on 499 degrees of freedom 
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TABtB VIII 


MIDROOT PDL WIDTH OF ANIMALS 
KILLED IMMEDIATELV AFTER FUCHT 

PDL Width (yw) 

SD SEM n 


IF 


MEAN 

106.00 

IS 


148.75 

IV 


147.50 

Intcrgroup t'-tcsts 

IF vs. 

IV 

t 

4,97 

iv vs. 

IS 

0.10 

IF vs . 

IS 

9.69 


6.52 2.32 5 

7.40 3.31 5 

17.50 7,83 5 

D.F. p 

4 <.01 

4 

4 <.001 


TABLE IX 

PPL NUCLEAR DENSITY OF ANIMALS KILLED 
IMMEDIATELY AFTER FLIGHT 


Nuclei/lpOym^ of Midroot PDL 



TABLE X 


CALCULATED TIME AFTER RETURN TO IG FOR BONE FORMATION TO BE REINITIATED 


COSMOS 782 3.5 days 

COSMOS 936 2.3 days 

COSMOS 1129 2.8 days 

average 2.9 days 


Theae data are from crosB-sections of rat tibia at the tibiofibular junction 
and <#ere taken from Cosmos experiments K005, K205, and K305; bone formation 
rate vas measured using tetracycline labeling. The calculations were based 
on the amount of bone area formed in those animals sacrificed Immediately 
following flight versus the amount of bone formed in those animals which 
received a second tetracycline label following return to earth (3 days 
pOstf light in Cosmos 782, 4 days postflight in Cosmos 936, and 5 days 
postflight in Cosmos 1129). The difference between these 2 values was 
divided by the rate of bone formation of the synchronous rats for the flight 
period to give the number of days of bone formed during this period. To 
determine when bone formation was reinitiated, the latter value was 
subtracted from the number of days between recovery and the second tetra-' 
cycline injection. Interestingly, Cosmos 782 rats injected postflight 
formed slightly less bone during the flight period than did those animals 
sacrificed immediately following flight; however, a very faint second label 
given 3 days after flight suggested that bone formation was, indeed, just 
being reinitiated. 
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VoHimt In 

Figure 1 - Frequency distirlbutlongQf nuclear volume for Group 1, kllied 
immediately after 18.5 days of space flight. The 18.5 days flight^ synchronous 
control and vivarium control curves correspond to the IF, IS and li/ subgroups, 
respectively (Tables I— 111). The sample size for each dlstrlbutlotii is 500 
(5 animals x 100 nuclei) . 



Nuctaur Volunw )n 


Figure 2 - Frequency distributions of nuclear volume for all flight animals. 
The flight, F+6 days and F-t-29 days curves correspond to the IF, 2F, and 4F 
subgroups, respectively (Tables l^lll). The sample size for each distribution 
is 500 (5 animals X 100 nuclei) ^ ^ ^ ^ ^ ^ 









Zone E 


0 6 Days After Flight 29 

Figure 3 - Mean nuclear volume for the four histological zones of the PDL from 
rats exposed to 18.5 days of weightlessness. The crosshatched area is the 
vivariu m control range, which Is the mean jK 1 standard deviation of all four 
zones combined. Immediately after flight (0 days), zones I, II, and III are 
significantly (p < .01) less than vivarium controls. 


SYNCHRONOUS 
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Days After Flight 


Figure 4 - Mean nuclear volume for the four histological zones from synchronous 
control rats. The crosshatched area is the vivarium control range, which is 
the mean + 1 standard deviation of all four zones combined. Immediately after 
flight (0 days) , mean nuclear volume of zone I is significantly (p < .01) 
greater than vivarium controls. 
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K 305: QUANTITATIVE ANALYSIS OF SELECTED BONE PARAMETERS 
SUPPLEMENTAL REPORT 2: BONE ELONGATION RATE AND BONE MASS IN 

METAPHYSIS OF LONG BONES 

W.S.S. Jee, D.B. Kintnel , G. Smithy and R.B, Dell 
Division of Radiohiology, Department of Pharmacology 
Bldg. 351,, University of Utah 
Salt Lake City. UT 84112 

SUMMARY 

The proximal humeral metaphysis of rats from time periods recovery 
plus zero days (R+0), recovery plus six days {R+6), and recovery plus 
twenty nine days (R+29) was analyzed. The volume of calcified carti- 
lage and bone in flight and synchronous controls was reduced in groups 
R+0 and R+6, but was normal in group R+29. The number of functional 
bone cells (osteoblasts and osteoclasts) was decreased in proportion 
to the amount of bone in the early groups, and was normal in the last 
group. The fatty marrow volume was increased only in flight animals 
of groups R+0 and R+6, but was nQl^^l in the R+29 group* Accumulation 
of excess fatty marrow was seen only in flight animals. The decreased 
amount of bone and calcified cartilage is believed to be the result of 
a temporarily slowed or arrested production Of calcified cartilage as 



a substrate for bone formation. This would have resulted from slowed 

p’* \ ■ i-' ' 


bone elongation during flight and synchronous control conditions. 

I 

Bone elongation returned to normal by twenty nine days after return. | 



INTRODUCTION 
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The purpose of this study is to determine whether bone elongation 
rate and bone cell nianber in the metaphysis of long bones are altered 
by Cosmos 1129 spaceflight. The proximal humeral metaphysis from ani- 
mals of groups killed at recovery plus zero days (R+0), recovery plus 
six days (R+6), and recovery plus twenty-nine days (R+29) was measured 
using quantitative light microscopic techniques (1). An attempt was 
made to measure the rate of bone elongation directly in the proximal 
tibial metaphysis by the use of tetracycline labeling. 

MATERIALS AND METHODS 

Specimen Processing 

Upon receipt of the left proximal humerus, a parasagittal slice 
containing growth plate and adjacent metaphysis was cleaved for elec- 
tron microscopic studies (see Supplemental Report 3A). The remaining 
portion was decalcified, trimmed to one cm in length and parasagit- 
tally halved, and embedded for parasagittal sectioning. Sections were 
then prepared, all as previously described (1). 

The tibia was trimmed to leave only the most proximal one cm. A 
frontal cut was made to expose the epiphysis, growth cartilage, meta- 
physis, and marrow cavity. These specimens were gradualTy dehydrated 
in increasingly concentrated acetone, and then embedded in methyl 
methacrylate. Fifteen ten-micron thick frontal sections were prepared 
with a motor-driven Jung microtome (2). They were affixed to glass 
slides with Haupt's adhesive. Coverslips were affixed to the un- 
stained sections with Permount. 
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The femaindeif of the embedded sample was sent to the bone labpra- 
tory at NASA-Ames where TOO jim sections were cut with a Gmings-Hamco 
thin sectioning machine. The sections were returned to Utah, where 
microradiographs were prepared (12 kV, 2$ mA, 3 minutes; Spectroscopic 
Plates #649-0, Eastman Kodak, Rochester, NY). The microradiographs 
were shipped to Dr. Judy at Baylor for laser analysis (see Supplemen- 
tal Report 36). 

Microscopic Examination 

One section of the proximal humerus of each animal was randomly 
selected, blind-coded, and subjected to quantitative histologic analy- 
sis by a trained operator. The method is identical to that previously 
described (T). In addition, the number of Merz grid points over fatty 

I . ■ : r ' ' 

and red bone marrPw was counted. It resulted in presentation oT vari- 
ous quantitative histologic parameters from a series of metaphyseal 
tissue bands of increasing age, whose physical locations were 0.108, 
0.324, 0.768, T.182, 1.620, 2.052, 2.484, 2.916, 3.348, and 3,780 mm 
on center from the growth cartilage-metaphyseal junction (6CMJ). Pre- 
viously established criteria of bone cell identification were used (1 ). 

The following parameters were calculated for each band analyzed 
in the metaphysis: 1) fractional bone volume, 2) fractional calcified 

cartilage volume, 3) osteoblast number, 4) osteoprogenitor cell number, 
5) osteoclast nucleus number, 6) osteoblast number/ surface area of 
bone, 7) osteoprogenitor cell number/surface area of bone, 8) osteo- 
clast nuclei/surface area of bone, and 9) fractional fatty marrow vol- 
ume. : 
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The 10 ym sections of the proKlwial tibia were examined under ultra- 
violet light for the location of tetracyOllne label, with the intent of 
measuring the amount of longitudinal growth which had occurred since 
the time of administration of the label. 

Data Processing 

The raw data from each individual field of each band of each bone 
was coded into a Hewlett-Packard 9825 desktop computer and stored on 
tape. The values for each parameter for each group in each band were 
compared. Paired t-tests were done for each of the calculated parame- 
ters from the different groups. Figures comparing quantities of the 
various parameters as a function of distance from the GCMJ are presen- 
ted (Figs. 1-15). 

RESULTS 

The tetracycline label was present, but of such low intensity that 
it was inadequate to allow measurement of the bone elongation rate. 

For each parameter, the important changes in the minds of the in- 
vestigators are described. 

Bone Volume (Figs. 1-3) 

All vivarium control animals showed a marked maximum for bone vol- 
ume in the area 0.3-0. 8 mm from the GCMJ. The flight animals showed 
no such maximum in the R+0 and R+6 groups. However, in the R+29 group, 
there was no apparent difference between the vivarium controls and the 
flight group. The synchronous controls showed an intermediate trend 
which tended to resemble that of the f 1 ight animals more than that of 
the vivarium controls. 
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CalcIfU^d Cartnase Volume (Ftgs. 4-6) 

As with bone volume, there was less calcified cartilage; In the 
0. 3-1,1 mm region, In the flight animals of Groups R+0 and R+6, when 
compared to the vivarium controls. Again, In Group R+29, there were 
no appreciable differences between vivarium control and flight groups. 
The synchronous animals again tended to resemble the flight group, 
Osteoblast Numbers (Flos. 7-9) 

In flight animals of Group R+0 and R+6, there were fewer osteo- 
blasts In the area between 0.108 and 0.768 mm of the GCMJ, where most 
bone formation activity is normally found. In Group R+29, there was 
no such difference. It was not clear where the synchronous group fell 
Osteoprogenitor Cell Numbers (Figs. 10-12) 

Tbsre was no convincing difference in osteoprogenitor cell num- 
ber among any groups at any time. There was an overall tendency for 
there to be fewer osteoprogenitor cells in flight and synchronous con- 
trols, when compared to vivarium controls. 

Osteoclast Nucleus Number (Fjgs. 13-15) 

There were fewer osteoclast nuclei in the flight and synchronous 
animals of Groups R+0 and Group R+6, than in the vivarium controls, 
while there were no differences in Group R+29. 

Fatty Marrow Volume (Figs. 16-18) 

There was more marrow space occupied by fat in flight animals of 
Group R+0, than in either synchronous or vivarium controls. This was 
less marked in Group R+6, and no longer noticeable In Group R+29* It 
is particularly of note that the flight and synchronous controls were 
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different for this parameter, while they were slmnar for hard tissue 
mass and cell numbers. 

Cells and Nuclei per Bone Surface 

In all cases, when cells were evaluated based on the perimeter of 
bone surface available, there was no difference from the Interpreta- 
tions which were based upon cells and nuolel/area of tissue. 

DISCUSSION 

It Is our Interpretation that the study demonstrates a reduction 
in bone and calcified cartilage volume In flight and synchronous ani- 
mals, In a region of the metaphysis where a maximum is seen In controls 
(0. 3-0.8 mm from the GCMJ). This Is associated with a decreased num- 
ber of functional bone cells (osteoblasts and osteoclasts) in both 
flight and (probably) synchronous groups. There was an increased 
amount of fatty marrow in flight animals when compared to both synchro- 
nous and vivarium controls. These changes persist at six days after 
recovery, but seem to have subsided by twenty nine days after recov- 
ery, when the appearance of the metaphysis had returned essentially to 
normal. 

The decreased amount of bone and calcified cartilage is probably 
due to a decreased production rate of Calcified cartilage coupled with 
a normal or mildly decreased rate of removal. Though it is conceiv- 
able that the decreased amount of either calcified cartilage or bone 
could be due to a normal rate of production coupled with an increased 
rate of removal, the reduction in function of bone cell population 
sizes makes this an unlikely explanation. The most likely explanation 


Is that the function of the growth cartilage in providing calcified 
cartilage as a substrate for bone formation has been temporarily slowed 
or arrested by the experimental treatment of flight and synchronous 
control animals. This leads to the conclusion that the growth carti- 
lage is functioning at a slower rate, which results in a slower rate of 
bone elongation. This is not an unreasonable conclusion because inhi- 
bHion of bone elongation and a reduction in primary spongiosa hard 
tissue mass have been reported in two previous Cosmos experiments 
( 4 , 5 ). 

The impression is that the synchronous group shows changes quite 
similar to those of the flight group. It is unfortunate that the pro- 
per statistical analysis of the data, one which considers the trend of 
a particular parameter through the complete metaphysis (6), is not 
available at the present time. If this synchronous group did indeed 
prove to show significant changes quite similar to the flight animals, 
this would indicate that the general stress as well as the flight it- 
self, had an effect on the rate of bone elongation. The appearance of 
excess fatty marrow in flight animals and not in synchronous controls 
is at least one specific effect of flight over and above the synchro- 
nous conditions. 

It is also clear that the metaphysis has returned to normal by 
the end of the twenty nine day recovery period. It is reasonable to 
assume that the bone elongation rate, which was slowed or arrested 
during flight, resumed shortly after the return and after several 
weeks provided, sufficient calcified cartilage that bone formation 


could begin anew and metaphyseal bone mass could again approach that 
of controls. It Is vitally important to point out that the recovery 
of bone mass In these animals Is associated with a resumption of activ- 
ity of a growth cartilage. It Is recommended that all future experi- 
ments dealing with growing animals should be designed to determine di- 
rectly the rate of bone elongation. The fact that these growing ani- 
mals recovered bone mass In the month following spaceflight has no re- 
lationship to what might happen In a mature animal where epiphyseal 
growth cartilages have long since closed. 
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Figure 1. Bone Vdlume as a function of distance from the growth 

cartilage metaphyseal junction is plotted for Group R+0. 
Control animals show a marked maximum in the 0.324 - 
0,768i synchronous animals show a less marked maximum, 
while flight animals show still less. 
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Figure 2. Bone Volume as a function of distance from the growth 
cartilage metaphyseal junction is plotted for Group 
Rt6. Bone volume in both synchronous and flight ani- 
mals is decreased in the 0.768 - 1.620 regions. 
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Figure 3. Bone Volume as a function of distance from the growth 
cartilage metaphyseal junction is plotted for Group 
R+29. All curves assume basically a similar shape, 
which is interpreted to mean that the bone volume of 
the metaphysis is basically normal. 






FRACTIONAL CALCIFIED CARTILAGE VOLUME 

2 2 
(mm calc. cart, /mm tissue) o 



from the growth cartilage metaphyseal junction is I j 

plotted for Group R+0. The flight and synchronous j 

animals appear to have less calcified cartilage in | j 

the 0.324 - 0.768 region when compared to the con- I j 

trols. II 
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Figure 5. Calcified Gartilage Volume as a function of distance 
from the growth cartilage metaphyseal junction is 
plotted for Group R+6. Calcified cartilage volume in 
the 0> 324 - 1.62 regions of both the synchronous and 
flight controls is again low when compared with con- 
trols. 
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Figure 6. Calcified Cartilage Volume as a function of distance 
from the growth cartilage metaphyseal junction is 
plotted for Group R+29. There is essentially no dif- 
ference in the curves, indicating calcified cartilage 
volume of the metaphysis is normal . 
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Figure 7. Osteoblast Number as a function of distance from the 
growth cartilage metaphyseal junction is plotted for 
Group R+0. There are somewhat fewer osteoblasts in 
both flight and synchronous groups in the 0.108 - 
0.768 regions when compared to the controls. 
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Figure 8. Osteoblast Number as a function of distance from the 
growth cartilage metaphyseal junction is plotted for 
Group R+6. There are still fewer osteoblasts in the 
flight animals (0.108 - 0.768 (ran) when compared to the 
control s . The synchronous animals now appear more 
similar to controls. 
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Figure 9. Osteoblast Number as a function of distance from the 
growth cartilage metaphyseal junction is plotted for 
Group R-t-29. All curves appear basically similar, sug- 
gesting that the metaphysis has returned to normal. 
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Figure IT, Osteoprogenitor Cell Number as a function of distance 
from the growth cartilage metaphyseal junction is 
plotted for Group R+6. There is some suggestion that 
the osteoprogenitor cell number in the 0,324 - 1.168 
mm region Is low in flight animals when compared to 
controls, but it is also possible that there is no 
real difference. 
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Figure 12. Osteoprogenltor'Cen Nuniber as a function of distance 
from the growth cartilage metaphyseal junction is 
plotted for Group R+29. There is essentially no dif- 
ference among the curves. 
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Figure 14. Osteoclast Nucleus Number as a function of distance 
from the growth cartilage metaphyseal junction Is 
plotted for Group R+6, The osteoclast number remains 
basically low In the flight and synchronous animals 
(0.768 - 1.62 mm) when compared to the controls. 
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Pigute 15. Osteoclast Nucleus Number’ as a function of distance 
from the growth cartiTage inetephyseal junction is 
plotted for Group R+29. There is essentially no dif- 
ference in the curves now, indicating that the ap- 
pearance of the metaphysis is relatively normal . 
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Figure 16. Fraction of Metaphysis Occupied by Fatty Marrow as a 
function of distance from the growth cartilage meta- 
physeal junction ts plotted for Group R+0. There is 
markedly more fat in the marrow of flight animals 
than in either synchronous or control animals all 
through the metaphysis. 
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Figure 17. Fraction of Metaphysis Occupied by Fatty Marrow a S a 
function of distance from the growth cartilage meta- 
physeal junction is plotted for Group R+6. The 
curves are more similar than those in Figure 16; the 
volume of fatty marrow is markedly reduced in flight 
animals, but is probably somewhat above control 
levels. 
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figure 18. Fraction of letaphysis Occupied by fatty Marrow as a 
function of |di stance from the growth cartilage meta- 
physeal junction is plotted for Group R+29. The 
curves probably do not show any real differences at 
this point. 
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SUMMARY 

Values of mean trabecular spacing computed from optical diffraction 
patterns of 1:1 x-ray micrographs of tibial metaphyses and those 
obtained by standard image digit izaJ;ion techniques show excellent 
agreement, Upper limits on values of mean trabecular orientation 
deduced from diffraction patterns and the images are also in excellent 
agreement. Values of the ratio of mean trabecular spatial density in 
a region 300 ^^m distal to the downwardly directed convexity in the 
cartilage growth plate to the value adjacent to the plate determined 
for flight animals sacrificed at recovery were significantly smaller 
(PiO.2) than values for vivarium control animals . No significant 
differences were fovmd in proximal regions. No significant differences 
in mean trabecular orientation were detected. Decreased values of 
trabecular spatial density and of both osteoblastic activity and 
trabectilar cross-sectional area noted in collateral researches suggest 
decreased modeling activity under weightlessness. 
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INTRODUCTION 

The primary objective of this research was to <iuantitatively 
determine, by optical diffraction techniques, changes in trabecular 
spacing, (i.e., areal density) and orientation under effects of 
weightlessness. One major goal of the proposed researQh was to Study 
changes throughout the area and height of both primary and secondary 
spongiosa in a trabecular region which is primarily weight supporting. 
The second research goal was comparison of measured values of changes 
in metaphyseal trabecular cross**sectional area, and metaphyseal 
osteoclastic activities, detesi:aiRed in collateral researches with the 
changes in trabeciilar spacing and orientation determined from this 
research. 

BACKGRQUIID MD RATIONALE 

Radiographic measurements of bone density in Skylab astronauts (l) 
showed significant bone loss in os calcis after 59 and 84 days of 
fli^t; no density changes were detected in radius or ulna. These data 
suggest mineral loss is prevalent in weight bearing bones. 

Optical micrographic studies of the metaphyses of young rats after 
22 days of space flight showed significant decrease in number of 
trabeculae within the primary spongiosa (2). However, no quantification 
of changes in trabecular spacing or orientation were performed. 
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Optical diffraction techniques, both experimental, and theoretical, 
for determining mean trabecular spacing and orientation have been 
developed (3)* These techniques are applicable to trabecular bone 
because plastic Imbedded sections and x-ray micrographs of sections 
behave optically as quasi-periodic diffraction gratings. In the case 
of the actual thin sections , the grating is comprised of alternating 
regions of different refractive index and, in the case of the x-ray 
micrographs , It is comprised of alternating regions of emulsion having 
different optical transmissivities . 

One advantage of the use of optical diffraction to determine mean 
trabecular spacing and orientation over image scanning techniques is 
that a single diffraction pattern contains unique information about 
these parameters for all trabeculae in the field sampled by the incident 
light beam. Furthermore, for trabecular arrays in which the spacing 
and orientation are quasi-periodic and characterized by distribution 
functions, an additional Important advantage of optical diffraction 
techniques is that the contribution to the diffracted light intensity 
from each diffracting element (e.g. trabecvila) is correctly weighted 
according to its position in the distribution function mathematically 
describing the variation of the structural parameter about mean values. 
This weighting arises from the integration of the diffracted light 
intensity over the distribution function (4). Additionally, the 
shape and height characteristics of diffraction peaks along the 
meridional direction from approximately periodically spaced diffract- 
ing arrays (e.g. trabeculae or myofibrillar sarcomeres) have been 
shown to depend directly on the standard deviation of the distribution 


function describing thtir spacing and the correlation of spacing 
between aerially arranged diffracting elements (U). Further work (5) 
has shown that the presence of tilting of the diffracting elements 
relative to each other and the distribution function describing the 
variation of the angle of tilt about its mean value wiquely affect 
peak height and width along the equatorial direction (perpendicular 
to the meridional direction) of the ■diffraction pattern* ®hese results 
suggest that the distribution functions characterizing trabecular 
spacing and orientation can be characterized from analysis of diffraction 
peak shape. 


METHODS 

We use optical diffraction measurements to deteimine the magni- 
tudes of changes in mean trabecular spacing and in mean trabecular 
orientation. The trabecular region immediately below the inferlorly 
directed convexity 0^ the cartilage growth plate which is functionally 
related predomin^tly to sustaining mechanical forces of weight 
bearing and locomotion was studied. 

Longitudinal plastic irabedded sections of tibia and 1;1 x-ray 
micrographs of these sections were used in the optical diffraction 
measurements . Both lO(^,iw and thick sections, unstained and 

stained with Wilder's stain (6) to darken the bone relative to 
cartilage and plastic were studied. The x-ray micrographs studied 
were of the lOO^ilthick sections and were obtained at 5 hv using 1.25 
min ejqiosure times. Sections and x-ray micrographs obtained from 


vivarium control and flight ,<'<nimal5 sacrificed at recovery were used 
in this study. < 

The optical diffraction measurements and. their analysis have been 
deacribed pre-y^ously (3). The measurements were performed using the 
optical diffractometer shown schematically in Figure 1. The heliiam-neon 
laser provided monochromatic light of 632.8 nm wavelength. The inten- 
sity of the light incident upon the sample was modulated by the 
polarizing optics . The light diffracted by the sample was focused 
upon the target of the detector vidicon by the Fraunhoffer lens. Use of 
lenses of up to 133 cm focal length ensxired that Fraunhoffer or far- 
field diffraction conditions (f) were met for trabecular arrays with 
spacing less than l6o^ m. Under these diffraction conditions analysis 
of diffraction patterns for mean trabecular spacing using equations 
(3* 4, 8) derived using straightforward Kirchoff scalar field diffrac- 
tion theory ( 9 ) is valid. The detector electronics were modified (3) 
so that the diffraction pattern could be displayed on a monitor and 
the diffracted light intensity along any one of 256 scan lines could be 
displayed on the oscilloscope and routed to the PDP-11 computer of the 
associated data acquisition system for signal averaging to reduce 
effects of random noise due to detector dark current and laser light 
intensity fluctuations . Reproducible patterns with acceptable signal 
to reuidom noise levels were obtained as the average of 10-20 line scans 
for all samples studied. 

The sample could be moved in the plane perpendicular to the incident 
light beam so that various regions of the trabecular array could be 
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positioned opposite to the 100^ m x linm slit used to litoit the eresl 
extent of the incident light. In this way, any region of the trnhecular 
array, 100^ rax Irani in size, could he chosen for study. For this research 
each sample was placed so that diffraction patterns were ohtained from 
four contiguous regions, each lO^m in height and located sequentially 
away from the cartilage plate. The trahecul.^ area denoted by Region A 
was located so that the 1 mm long upper edge of the slit was tangent to 
the apex of the contour of the downwardly directed convexity of the 
cartilage growth plate. Region B through D in order were located at 
100/4 m increments away from the initial position of A. In this way 
mean trubecuiar spacing was determined at distances of 0, 100 i 200, and 
30^ ra away froiti the tangency point of Region A and the cartilage plate. 

For all of the measurements the nominal orientation of the 
trabeculae was parallel to the height of the slit and thus perpendicular 
to the tangent line at the cartilage plate. Therefore, the region of 
the trabecular array of each sample defined by the slit at each 
measurement position behaved as a linear grating because of the alter- 
nating optical refractive index properties of trabeculae and plastic 
in the case of the actual sections and alternating clear and darkened 
areas of emulsion in the case of the x-ray micrographs. 

Previously developed theory (4, 5, 8) has shown that the location 
of the centroid of major order meridional diffraction peaks is directly 
proportional to the inverse of the mean value of the spacing between 
regions of alternating refractive index or optical transmission, hence, 
to the inverse of mean trabecular spacing. The proportionality constant 
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dependa on the known valuen of the focal length of the diffractometer 
and the wavelength of the monochromatic laser light incident upon the 
sample (10) , Accordingly mean tra’becular spacing for each region was 
computed from the distance between the centroid of the first order 
diffraction peak and the zero-order peak or undiffracted heam (3), 

!The amount of displacement or smearing of meridional peak 
intensity in the perpendicular equatorial direction has been shown to 
depend directly on the mean angular orientation of the diffracting 
elements of trabeculae relative to the vertical axis of the slit (5) . 

For small angular tilt the equatorial displacement was found to scale 
directly with the mean tilt angle, this being zero for zero mean tilt. 

For purposes of comparison with results of diffraction measurements , 
values of mean trabecular spacing were obtained from projected images 
of lOx optical micrographs of the 1:1 x-ray micrographs using standard 
digitizing techniques. Care was token to include orily those trabeculae 
actually within each region as defined by the slit for the diffraction 
measurements . Accuracy of the digitized values is estimated to be 1% 
for a trabecular spacing of 30 ytftm and 0,3?^ for a value of lOOytitn. 

This uncertainty is attributed to the 100^ m resolution of the position 
of the digitizing cursor during operation. 


RESULTS AND DISCUSSION 


Diffraction patterns obtained from lOO^m thick sections, both 
heavily stained with Wilder's stain and unstained, were extremely noisy 
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and contcdned no recognizable diffraction peaks vlth uniform spacing 
which related to trabecular spacing or orientation. Pollahing of both 
surfaces of the plastic embedded sections and/on immersing the section 
In a uniform thickness of oil having the same refractive index (1*49) 
as the plastic resulted In a less noisy pattern, but recognizable 
diffraction peaks were not obtained. This result is attributed to 
intense geometrical scattering (11) by interlayered Calcified car'ellage 
and bone in these thick sections . 

Both unstained and Wilders stained 3-^^ m thick sections surround- 

* 

ed with refractive index matching oil have yielded diffraction patterns 
which were noisy but contained recognizable diffraction peaks with 
uniform spaelng uniquely related to trabecfslar Bpaelng in the secondary 
spongiosa. Patterns from the primary opongiosa in both stained and 
vmstained sections contained no recognizable diffraction peaks. 

Diffraction peak amplitudes in patterns obtained from the secondary 
spongiosa in unstained bone were very small indicating a very small 
difference in refractive index, and hence, optical path difference (12) , 
between bone and plastic. Peaks in patterns obtained from the secondary 
spongiosa of intentionally overatained bone sections (3) were 
larger in amplitude , indicating that, at least in part , the trabac'dlar 
bone was behaving as a linear diffraction grating comprised of 
alternating dark and light areas. However , noise due to scattering 

from small size organic and mineral constituents (13 ) » and from optical 
path differences due to uneven bone thickttessjsevsrely reduced the 
precision with which trabecular spacing could be determined. 








I»«clc of recognizable diffraction peaks from the primary spongiosa 
of stained and unstained sections is attributed to a combination of noise 
due to scattering as deBcrlbed above, and small amplitude of diffraction 
peok due to the closeness in dlroensions of trabecular spacing and vldth 
of marrow oavltyi This closeness in values of the dimenslonB leads to 
a small va3,ue near sero for the amplitude of the pattern of light 
diffracted by each marrow cavity (l4) in the vicinity of the diffraction 
peak, 

Judged on the basis of signal to noise ratio of the diffracted 

light intensity, the diffraction patterns of best quality were obtained 
1 

from the t‘«ray micrographs. 'Those obtained from micrographs of bone 
from flight animals were usually less noisy than those obtained from 
micrographs of yivarium control animal sections. This is attributed to 
the presence of fewer grey regions in the flight animal micrographs . 

As a consequence, these images of the trabecular array better approximate 
a true amplitude grating in which light transmissive areas alternate 
with completely light absorbing areas. However, the noise present in 
patterns obtained from vivarium control animals was not of sufficient 
magnitude to prevent their use in computing mean values of trabecular 
spacing or in estimating mean trabecular orientation. 'Typical 
diffraction patterns obtained from x-ray micrographs of flight and 

vivarium control animals are shovm in Figures g and 3» 

Examination of the diffraction patterns shows that the single first 
order diffraction peak of the hypothetical trabecular array with per- 
fectly periodic spacing has split into subpeaks. This phenomenon, 
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Figure 2. Optical diffraction patterns from four contiguous regions, 

A through Dof tihial metaphysis of vivarium control animal 6. The 
regions were located at 0, 100, 200, euid 300^ m distal to the 
downwardly directed convexity of the growth plate. The dots on the 
horizontal axis of each pattern locate the centroid of the first order 
diffraction peak comprised of all subpeaks between vertical bars. 
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Figure 3. Optical diffraction patterns from four contiguous regions , 

A through D of tibial metaphysis of flight control plus zero animal 7. 
The regions were located at 0 , 100, 200 and 300 distal to the 

downwardly directed convexity of the growth plate. The dots on the 
horizontal axis of each pattern locate the centroid of the first order 
diffraction peak comprised of all subpeaks between vertical bars. 
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typical of all sections studied, shows that the trabecular array is 
only quasi-periodic in the®^ Additionally, splitting into 

subpeaks suggests spatial correlation between serially arrayed trabeculae 
( 4 ). Preliminary analysis of the digitized data shows that values of 
trabecular spacing near the middle of the array within the optical slit 
during diffraction are usually smaller than those for trabeculae located 
xjpBxer each end of the slit. Thus, these trabeculae are roughly 
;)4rranged into three serial zones with at least the middle one having a 
■ different mean value of trabecular spacing. We are currently extending 
7 our previous theoretical treatment of diffraction by an array of serial 
domains with different characteristic values of diffractor spacing to 
Include effects of statistical fluctuations in spacing about mean values 
in hopes that a complete analysis of the diffraction pattern for values 
of modality , population fraction, and standard deviation can be obtained 
in order to characterize not only mean trabecular spacing but also its 
distribution function. 

Values of mean trabecular spacing calculated from the position of 
the centroid of first order diffraction peaks and values obtained by 
digitization of the micrographic images are presented in Tables I and 
II for vivarium control and flight animals , respectively. Values of 
the standard deviation computed from digitized data accompany each 
mean value. These typically are large compared to an uncertainty 
of 1^ or less in the mean value introduced by digitization error. 

Values of mean trabecular spacing x computed from diffraction patterns 
are stated within an estimated error given by 


in which Ej^ ii? the error in the nverage subpeak height and A is the 
integrated area of the first order diffraction peak. The quantity Eji 
is estimated to he of the order of .01 times the average suhpeak height. 
This error equation was derived by straight-forward application of the 
theory of propagation of errors to the defining integral equation for the 
centroid. 

The data of Tabies I and II show values of mean trabecular spacing 
obtained by optical diffraction technique and values obtained by image 
digitization to be in ekcellent agreement. This result and that obtained 
previously (3) suggests that the use of optical difjfraction measureraents 
gives reliable values of mean trabecular spacing. 

Examination of Tables I and II show that for each animal mean 
trabecular spacing increases with distance away from the cartilage plate 
in both vivarium control and flight animals. However , values of mean 
trabecular spacing in Regions A through D averaged for all vivarium 
control and all flight animals have not been directly compared i This is 
because of the unknown relationship between the plane of the longitudinal 
tibial section and the two directions of maximum lateral packing 
density of the trabecular array. If the plane of the section were to 
contain one of the directions parallel to tightest packing, then the 
measured value of mean trabecular spacing would be its minimum. If, 
however , the section were to be oriented along the diagonal to this 
tightest packing direction then the value obtained would be a maximum. 

In order to provide a basis for comparison of trabecular spacing in 
control and flight animals , the ratio of mean trabecular spacing 


TABLE I 

MEAN TRABECULAR SPACING X 
VIVARIUM CONTROL, R + 0 


Animal 

a,b 

A 

Metaphyseal Region 
B C 

D 

1 * 

53.6 + 1.1 
53.0 + 12.4 

67.8 + 1.5 
65.6 +_ 16.8 

89.8 + 1.1 
91.3 I 19.4 

109.9 + 1.3 
110.2 + 26.4 

2 . 

36.7 + 1.4 

34.8 + 12.7 

43.0 + 1.0 
40.6 + 21.1 

53.4 + 2.0 

51.4 + 20.1 

61.3 + 1.5 
58.9 + 12.9 

3 . 

40.1 + 2.0 
39.8 + 17.5 

52.0 + 1.6 
50.7+17.5 

f 

58.6 + 2.4 
56,1 + 19.9 

68.4 + 1.5 
66.9 + 16.9 

4 . 

42.3 + 1.9 
40.8 + 13.2 

46,3 + 1.7 

44.7 + 23.5 

60.6 + 2.0 
61.9 + 19.5 

90.9 + 1.8 
88.2 + 31.2 

5 . 

53.8 + 2.0 

54.8 + 10.4 

59.7 + 1.3 
59.9 + 28.6 

71.7 + 1.4 
70.4 i 24.6 

85.8 + 1.2 
85.2 +_ 32.5 

6 . 

53.5 + 1.9 
51.9 + 19.3 

72.8 + 1.3 
76.6 + 22.7 

80.3 + 1.6 

78.4 + 24.7 

90.5 + 0.9 
91.1 + 22.9 

7 . 

50.7 + 2.6 

48.8 + 19.3 

60.4 + 1.3 

61.5 + 18.7 

88.6 + 2.8 
87.4 + 32.0 

97.0 + 2.13 
95.9 + 40.4 


a, Values__are given in mic first value is frOTi diffraction 
data (‘X‘ + eIj second is from digitized image (X + S. D.)* 

Tj. Regions A through D respectively are located 0 , 100 , 200 , and 300 
microns distal to the downwardly directed convexity in the cartilage 
plate. 
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TABLE II 





MEAN TRABECULAR 

SPACING 




FLIGHT ANIMALS, 

R + 0 


Animal 

A 

Metaphyseal Region 
B C 

D 

1. 

49.4 + 1.1 

50.1 i 21.1 

60.1 + 1.4 
61.5 + 15.7 

64.7 +1.3 
63.3 + 21.7 

91.5 + 3.6 
88.0 + 40.4 

2. 

41.7 + 2.2 
39.2 + 12.1 

58.6 + 2.4 
57.9 + 22.9 

62.5 + 1.7 
63.9 ± 27.1 

75.4 + 1.0 
76.0 + 37.4 

3. 

44.8 + 1.4 
45.2 + 22.3 

49.9 + 1.4 
48.8 + 15.1 

61.0 + 1.9 
61.5 +21.7 

66.5 + 1.3 
65.1 + 23.5 

k . 

35.2 + 1.5 

36.2 + 10.3 

54.8 + 1.6 
53.7 1 20.5 

58.7 + 2.3 

59.7 + 18.7 

124.7 + 1.2 

126.7 + 37.4 

5. 

46.0 + 2.2 
45.2 1 16.0 

53.3 + 1.5 

52.4 + i6.9 

62.9 + 1.3 
62.1 + 19.3 

84.3 + 3.7 
82.0 + 33.2 

6. 

45.6 + 2.3 
47.0 + 19.3 

55.0 + 1.3 
56.7 I 22.3 

76.5 + 1.1 

77.2 + 30.1 

207.7 + 6.3 
208.0 + 83.0 

T. 

45.0 + 2.3 
42.2 + 11.5 

52.3 + 1.9 
50.7 + 23.5 

67.0 + 2.5 
67.5 + 24.1 

89.2 + 1.0 
91.1 + 16.3 


a. V^ues are given in microns; first value is from diffraction data 
(X + E); second is from digitized image (X + S. B.)* 

■fa. Regions A through D respectively are located 0, 100, 200, and 300 
microns distal to the downwardly directed convexity in the cartilage 
plate . 
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TABLE IV 




RATIOS OF MEAN TRABECULAR SPACING 
(%/%), K » A, B, C, D 


Animal 

A*^ 

PLIGHT ANIMALS, R + 0 

Metaphyseal Region 
B C 

D 

1 

1 

1.'22 

1.31 

1.85 

2 

1 

l.Ul 

1.50 

1.93 

3 

1 

1.10 

1.36 

1.49 

k 

1 

1.55 

1.66 

3.54 

5 

1 

l.l6 

1,37 

1.81 

6 

1 

1.21 

1.68 

4.56 

7 

1 

1.16 

1.49 

1.96 

Mean +S.D. 

1 

1 . 26 + 0.15 

1.48 + 0.17 

2.46 + 1. 0 


a. Regions sequentially distal at 0, 100* 200, 300 mi'srons to the 
downwardly directed convexity in the growth plate . 
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determined in each regipn, A through D, to the value determined fov 
Region A was computed for each animal. This ratio does not depend upon 
the angular orientation of the section plane and the tightest packing 
direction provided that the lattice of trabeculae does not twist about 
a direction parallel to the trabecular axis with distance from the 
cartilage plate. The long relativeljr straight trabecular contours 
evident in the micrographs suggest this provision is met in the samples 
studied. Value of the ratios of trabecular spacing in vivarium control 
and flight animals, respectively, are presented in Tables III and IV. 

It is worthwhile to call attention to the physical picture 
described by these ratios. They not only mirror the increase in mean 
trabecular spacing with increasing distaaice away from the downwardly 
directed convexity in the cartilage plate but their inverse represents the 
decrease in meaii trabecular density. Thus, ratio values for, say, the 
hypothetical average flight animal show that for every 10 contiguous 
trabeculae arrayed over the distance 10 X^, where is mean trabecular 
spacing in Region A, there are approximately 0,7, and 4 arrayed over 
the same distance at distances of 100, 200 , and 300 ym m away from the 
cartilage plate. 'Hierefore, mean trabecular density has decreased 
respectively to approximate values of 8/(l0X^), 7/lOXy^), and 4/(l0X^). 

Comparison of values averaged over the vivarium control and flight 
animal group shows a significant increase (PiO. 2, student-t test) in 
the value of the ratio of mean trabecular spacing in Region D (300 ^m 
distal to Region A) to that in Region A for flight animals relative to 
vivarium control animals . Differences between ratios computed for 


Regions B and C (lOO and 200^ m distal to A) were judged to te 
insignificant (P^O.d)^ 


Values of mean angular trabecular orientation were found to deviate 
by less than ± 5 deg. from alignment perpendicular to the dW»i®ht dine 
to the apex of the inferiorly directed convexity of the cartilage plate 
for all vivarium control and flight samples studied* This upper limit 
to angular misorientation was established by noting that angular 
shifting of any first order diffraction peak or of the mean trabecular 
trajectory in the micrographic image was less than 5 deg, reiative to 
cursors on the diffractometer monitor and digitizing table. 

The Increase in the ratio of trabeeular Bpacing at 300/Um distal 
to that at the cartilage plate in the flight animals means that the 
linear trabecular density at this distance decreased under the reduced 
loading of weightlessness, lliis decrease and that notable in more 
distal regions by even casual visual observation probably reflects 
decreased modeling activity under weightlessness as evidenced by de- 
creased osteoblastic activity (15) and decreased trabecular area (l6) 
in this and proximal regions. 
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INTRODUCTION 

The ntajor objectives of this project were: 

1, A microscope study of growth plates and metaphyseal trabeculae to 
assess the type and functional state of bone cells and to char- 
acterize the zone of calcification of the cartllagenous growth 
plate, particularly the presence and condition of matrix vesIcTes, 

2. An Optical birefrlngent study of the trabeculae in order to assess 
trabecular number, size, shape, and orientation as it is presumed 
that this metaboUcally active bone will reflect subtle changes that 
may result from a zero-gravity condition. 

METHODS 

Thin slices (less than 1 urn thick) have been fixed in aldehyde fixatives 
immediately following sacrifice and bone dissection. Thin slices of 
trabecular bone and longitudinal slices of growth plate were post-osmicated 
in buffered osmium^tetroxide, washed, dehydrated in an alcohol series and 
embedded in Spur media in preparation for ultra thin sectioning on a Porter 
Blum microtome. Half micron thick sections were made and stained with 
Paragon to permit orientation and study with the light microscope. Adjacent 
ultra-thin sections were made with a Sorvall MT-2 ultra-microtome, and^ 
stained with uranyl acetate and lead citrate in preparation for examinatioii 
with the Phillips 300 transmission electron microscope, The attached check 
list of cell organelles, inclusions, and ul trastructural features were used 
during examination of all tissue sections in an effort to give a complete 
descriptive profile of the tone cells and matrix of representative sections 
of all experimental bones from both flight and ground control animals. The 


same check list was used to characterize cells of the cartilage growth plate 
Including study of the resting zone# zone of proliferation, zone of matrix 
synthesis, zone of ceil hypertrophy, zone of provisioi^il calcification, and 
zone of ossification. Matrix vesicle conditions we?e examined in each of 
the lower 4 zones. Emphasis on matrix vesicles is felt to be important, as 
these structures are associated with the initiation of hydroxyapatite crystal 
formation in the longitudinal septa of the cartilage. These structures form 
by budding from the adjacent cells. (1) They possess high phosphatase activ- 
ity and the first crystals are observed within these membrane-limited struc- 
tures. Bones made •'rachitic" by treating the animal$ with diphosphonate 
compounds , especially ethane hydroxy diphosphonate (EHDP), show numerous but 
empty matrix vesicles. The state of these mineral associated vesicles in 
both bone and cartilage of zero gravity animals is not presently known. 


RESULTS 


Ultrastructural Studies 

Specimens of tibia! metaphysis and epiphyseal growth plate were received in 
fixative from NASA - Ames Research Center. Following routine processing, 
embedding, ultra thin sectioning, and staining of twenty randomly selected 
diced pieces from each control and immediate post flight groups, sections 


were viewed with a Phillips 300 transmission electron microscope and the 
following scoring was made by averaging observations from all viewed speci- 
mens of each study group. The following descriptions are of R + 0 - time 
flight and from comparable age synchronous and vivarium control groups . (No 
significant differences were noted between the ultrastructure of these two 
control groups.) ■ 



A, Osteoblasts on surface of primary and 

: * 

Flight Group 
(R + 0) 

(Figure 1-3) 

1. Cell size Flattened cells 6-10 uni 

and shape h1g(i 

2. Nucleus rouhded configuration, 

pronounced peripheral 
cluihplng of heterochro^ 
matin, little euchro- 
ma tin, intact nuclear 
pores* Perinuclear 
space dilated, no inclu 
sions, one Irregular 
shaped nucleolus reduced 
to 78X of control size . 
No nuclear inclusions 
noted. 


3. Cytoplasm Cytoplasm has low opti- 
car density, dilated 
mitochondria, sparse 
endoplasmic reticulum, 
few dilated cysternae 
of granular endoplasmic 
reticulum, Golgi complex 
occupies area comparable 
to control , Golgi ves- 
icles on mature face 
and assembled lamellae 
are reduced in number 
but are more widely 
dispersed, single 
vesicles are larger 
than in control , free 
ribosomes were not 
different from control , 
glycogen granules 
sparse, no unusual lipid 
inclusions on crystals 
were noted. Phagosomes 


secondary metaphyseal trabeculae, 


Control Group 

(Both Synchronous & Vivarium) 
(Figure 4-7) 

Large cuboldal pyramidal 
cells 12-16 urn high 

Nucleus is round to oval ^ 
centrally positioned in the 
cell . Heterochromatin Is seen 
at nuclear margins but 
euchromatin Is al so dispersed 
In nucleus. Nucleolus is 
single, large, and eccen- 
trically located. Nuclear 
membrane has nuclear pores . 
Perinuclear space is dilated 
(a likely artifact of fix- 
ation) . No nuclear Inclu- 
sions, nor peri chromatin 
granul es , were present. 

Cytoplasm density higher 
than experimental group, 
mitochondria are dilated 
and comparable in number, 
granul ar endopl asmi c reti - 
culum is distributed through- 
out cell, and cysternae of 
rough endoplasmic reticulum 
are dilated containing elec- 
tron dense substance. Golgi 
complex occupies basilar or 
basl -lateral position, is 
large, and consists of stacks 
of lamellae with vesicles 
on the formative or maturing 
face. Glycogen granules 
sparse, no unusual lipid in- 
clusions noted . No phago- 
somes noted, some lysosomes 
are randomly located, pino- 
cytotlc vesicl es are abundant 
on cell surface. Gap 


Flight Qroup 


Control Group 


Cytoplasm 

cont. 


4. Matrix 


not noted, few lysosomal 
bodies noted, no coated 
vesicles, few pinocyto- 
tic Vesicles, Gap junc- 
tions between adjacent 
osteoblasts not common- 
ly found, no detectable 
cell lamina. 

Adjacent osteoid matrix 
contains sparse number of 
collagen fibers with 
axial periodicity. 

Fibers are randomly 
di rected . Few processes 
of basilar osteoblast 
cells penetrate or extend 
into the osteoid. Few 
mineralization nodules 
noted, mineralized 
surface shows an irregu- 
lar contour. The osteoid 
thickness is less than 50% 
of control . 


Junctions were not regularly 
observed. 


Osteoid consists of bundles 
of collagen fibers, irregu- 
larly placed, but closely 
packed. Mineralized surface 
shows regular contour, 
microvilli of osteoblast and 
elongated cell processes 
penetrate osteoid. Mineral i 
zation nodules are abundant 
in osteoid close to mineral 
front. 


Summary of differences in osteoblasts: 

All of the differences noted: reduced nucleolus, increase in heterochro- 


matin, dispersion of Golgi components , reduction in number but increase in 
size of golgi vesicles (fusion?), reduction in rough surfaced endoplasmic 
reticulum, reduction in number and size of rough endoplasmic reticulum 
cysternae, reduction in evidence of pinocytotic activity, and overall flat- 
tening of the cell characterize a reduction in cell metabolic activity, 
particularly Its protein synthesizing and secreting activity. This is further 
confirmed by a thinning of the osteoid with a reduction in number of mature 
collagen fibers. Reduction of new mineral nodules and i rregulari ty of 
mineral surface contour suggests that the newly secreted osteoid is inmature. 
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6. Osteoclasts on trabecular surfaces. 


1. Nucleus 


2. Cytoplasm 


Flight Group 

(Figure 6-7) 

Nuclei are rounded to 
ovoid with peripheral 
clumping of heterochro- 
matln. Nuclei number 
per section range from 
6-9; nucleoli are 
single when observed. 

Nuclear pores are 
present. The nuclear 
membranes are dilated. 

Few smooth surfaced mem- 
branes are attached to 
nuclear membrane. No 
significant nuclear 
Inclusions observed. 

Numerous dilated mito- 
chondria are found 
throughout cytoplasm, 
approximately 20% of 44 
cells are not directly 
associated with bone 
surfaces. These un- 
associated cells contain 
sparse vacuoles, few In- 
vaginations of plamsa 
membrane, and sparse micro- 
villi are present. 17 of 
44 cells touched the bone 
but thei r brush border 
width is less than 30 ym; 
infoldings between micro- 
villi are present termi- 
nating in dilations in an 
apical region containing 
some vacuoles. These 
vacuoles are typically in- 
volved in endocytotic 
activity and represent less 
that half the number of 
vacuoles observed in control 
bone. No special filaments, 
crystals, inclusions or 
evidence of cell deteriora- 
tion was noted. 


Control Group 
(Figure 8-9) 

Nuclei are round to oval . 
Heterochromatin predominates ; 
some dispersed euchromatin; 
nuclei number 4-7/section. 

A single nucleol us i s present 
in most nuclei , nuclear mem- 
branes are dilated, smooth 
surfaced membranes are 
present at nuclear membrane. 
No significant nuclear inclu- 
sions observed. 


Numerous dilated mitochondria 
are found throughout the 
cell . All but three osteo- 
clasts of 51 observed were 
found associated with bone 
resorption surfaces. A clear 
zone bounding the resorption 
edge was present surrounding 
a microvillus brush border 
width in excess of 40 ym. 
Numerous infoldings of plasma 
membrane occur between micro- 
villi forming vacuoles that 
occupy a large part of apical 
cell cytoplasm. No special 
inclusions are noted. 
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Sumnary of Observations on Osteoclasts. 

Larger numbers of nuclei per cell* reduction In bru$h border anil cytoplasmic 
vacuoles In the flight group are Indicative of a reduction of activity for 
each osteoclast. If hlstomorphometric data confirm that osteoclast numbers 
are the same In control and flight groups, then resorption reduction In 
flown animals should still be expected as each clast reflects reduced activity 
Some resorption activity is noted » however, and shallow nmtrix resorption 
cavities In flight bone are observed. Whether each clast ultimately resorbs 
the same bone volume, simply requiring more time, will have to be established 
by double tetracycline labeling studies. 

C. Osteocytes Summary 

No ultrastructural differences were noted between osteocytes of flown and 
control group other than the reduction In number of osteocytes, due likely 
to smaller size of trabeculae. No differences In osteocyte spacing or 
axial orientation was noted. 

D. Cartllagenous Growth Plate 

Chondrocytes and cartilage matrix were examined. Each growth plate was 
divided into classic zones, i.e., resting zone* zone of proliferation, 
zone of matrix synthesis, zone of cell hypertrophy, zone of provisional 
calcification, zone of ossification. Particular attention was given to 
the distribution of matrix vesicles, site of onset of mineralization, and 
maturation of mineral clusters. 



Flown 


Control 


(Figures 10-14 and 19-25) (Figures 15-18 and 26-29) 

Resting Zone 

Multiple chondrocytes occupy ovoid same 
lacunae surrounded by cartilage 
matrix of thin collagen filaments 
and ground substance. No vesicles 
are present In matrix. Cells are 
small, Irregular in shape, and 
contain some rough surfaced endo- 
plasmic reticulum, a small Golgi 
complex. Few cytoplasmic pro- 
cesses are seen. Mitochondria 
are dilated. No special Inclusions 
are noted In cells. 

Zone of Proliferation 


Multiple cells occupy lacunae. same 

The cells are flattened and 
arranged In stacks oriented in rows 
parallel to the central bone axis. 

The nuclei are ovoid and contain 
both euchromatin and heterochro- 
matin and a prominent nucleolus. 

Rough surface endoplasmic reticu- 
lum occupies the periphery of the 
cells. A Golgi complex is situated 
in a juxtanuclear position. A few 
electron dense prematrix Inclusions 
are seen at secretory face. Nests 
are surrounded by a filamentous 
matrix. Little or no matrix is 
seen between cells within one 
lacuna. The cell surface shows 
some irregularity, bearing short 
protoplasmic extensions. 

Zone of Matrix Synthesis 

Single large, more rounded chondro- Single large, more rounded 
cytes occupy matrlclal lacunae. chondrocytes occupy matrical 

The rough surfaced endoplasmic reti- lacunae. The rough surfaced 
culum occupies more of cytoplasm. ER Is extensive with dilated 

The nuclei are large, centrally cisternae. The nuclei are 

positioned. The chromatin Is pri- large, oval and show primar- 
marily euchromatin with some margin- ily euchromatin formation, 
ation of heterochromatin. The The Golgi complex Is large, 

nucleolus is smaller than In prolif- sometimes cleaved, juxtanu- 
erative zone. The Golgi complex is clear, and contains many 
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itvin 




Flown 

Zone of Matrix Synthesis 
coni. 


juxtanuclear, large, containing 
many vesicles with granular 
material within them, Many 
vesicles appear fused and Irregu- 
lar leaving voids In the cell. 

This was also observed In this 
and subsequent zones In both 
flight and control animals and 
Is suggestive of poor infiltra- 
tion of Initial fixative into 
this avascular tissue. Only 
short cell processes and micro- 
villi are observed. The matrix 
surrounding the cells contains 
few or .10 vesicles or cell 
processes. The matrix consists 
of collagen filaments and granular 
ground substance. 

Zone of Hypertrophy 

Cells are Irregular In shape, 
containing vacuoles and distend- 
ed Golgi vesicles. The rough 
surfaced endoplasmic reticulum 
Is widely scattered. The mito- 
chondria are located peripherally. 
Some short cytoplasmic processes 
extend Into the lacunae. Matrix 
vesicles are isolated, 2-5/cell. 
The nuclei are oval showing some 
heterochromatin and euchromatin. 

No special Inclusions are noted. 

Zone of Provisional Calcification 

Only 2-3 cells In a column are 
bounded by mineralized cartilage 
matrix. The matrix has many 
small needle-like clusters of 
hydroxyapatite that converge as 
the metaphysis is reached. Numer- 
ous vesicles are observed In the 
lacunae and lacunar boundary in 
the first two cells of column* 

The Cells are distended. Irregular 
and contain sparse organelles and 
vesicles and vacuoles. 
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Control 


vesicles - some coalesced. 
Mitochondria are randomly 
located. No special In- 
clusions are noted. The 
cell surface Is Irregular 
with some showing bulbous 
ends. The matrix contains 
many vesicles at each cell 
level . 


Cells are large, scalloped, 
and processes from cells 
extend to matrix. The 
nucleus has both hetero- 
chromatin and euchromatin. 

The Golgi vesicles are large, 
irregular and show fixation 
artifact. No special changes 
In mitochondria or Inclusions 
are noted. Matrix vesicles 
are distributed in matrix - 
10 per cell. 


A gradient of 4-8 cells occu- 
pies a cell column bounded by 
mineralized matrix beginning 
with mineral clusters of 
needles progressing to con- 
vergence of clusters Into 
relatively solid calcified 
cartilage trabeculae in the 
longitudinal axis. Cells 
contain vacuoles, are Irregu- 
lar shaped and the lower 
cell s show deterioration . 


Sunmary of observations on cartilage, 

The significant differences between flight and control cartilage are the 
location of onset of mineralized matrix and the distribution of matrix 
vesicles. The latter appear first in the hypertrophic zone and only 
become promi nent in the zone of mineralization as compared with control 
bone where matrix Vesicles bud from chondrocytes beginriing in the zone 
of matrix synthesis. The difference in mineral distribution can be 
accounted for in two ways: 1) Matrix vesicles initiate mineral deposition 
and are not extended from processes or released from cells in flight bones 
at development times comparable to control. However, no differences are 
found between flight and control groups at R + 29 (Figures 30-32), 2) The 
matrix of flight bones is less dense, as it has fewer collagen bundles 
that show axial periodicity, hence matrix maturation appears to lag. Cell 
division does not appear to differ significantly as total cell column height 
is not significantly different from control . Rates of synthesis of matrix 
products should be studied with isotope labeled precursors to assess matrix 
production capability and histochemical studies of enzymes alkaline phos- 
phatase, ATPase, and/or pyrophosphatase should be done on future experiments 
to help delineate location of onset of mineralization activity. 

C. Work remaining to be done. 

At present, specimens of animals killed immediately post flight and both 

vivarium and synchronous control groups have been completed. Flight and 
control group specimens obtained from later recovery periods are embedded, 
thin sectioned, and their examination is in progress. The oldest flight 
group (R + 29) shows no difference in ultrastructure, vesicle numbers , 
distribution of mineral, or organellar content, or cell shape from control . 


Thus, a "recovery" Is noted within 29 days. Intermediate stages are now 
being studied In an effort to establish the time of first noticeable 
change of flight group structure during the earlier recovery stages. 
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Figure Legends 


1. Electron micrograph of osteoblasts from R 0 flight group. Note 
paucity of osteoid and flattened cells* often tapering to zones 
where cell thickness is less than 2 )im. (2 scale) 

2. Electron micrograph of osteoblasts from R + 0 flight group. Osteoid 
is Irregular and shows zonatlon of collagen bundles. No new hodules 

of mineralization are found in osteoid. Basilar processes of osteoblast 
are sparse and short. Cell morphology is flat. The endoplasmic reti- 
culum Is condensed. (2jjm scale) 

3. Electron micrograph of osteoblast’ of R + 0 flight group. Some regions 
of bone are covered only by thinned cell margins. (2 /jm scale) 

4. Electron micrograph of osteoblast of vivarium rat group 1. Osteoid 
shows mature collagen fibers throughout and includes nodules of new 
mi neral initiation. Cells are cuboidal and show dilated endoplasmic 
reticulum. (2 ^m scale) 

5. Electron micrograph of osteoblast of synchronous control group 1. 

Osteoid is mature and some mineral nodules are present. The cell 
has a well developed Golgi complex and the endoplasmic reticulum is 
dilated into cysternae. Cells meet at well demarked intercellular 
junctions. {2pm scale) 

6. Electron micrograph of osteoclast of R + 0 flight group. There is 
no ruffled border. No vacuoles are noted within cell. Flattened 
osteoblasts are i nterposed between bone and osteoclast. Cytoplasm 
of a single nucleated clast-like cell lies adjacent to blood vessel 
wall. (2 pm scale) 

7. Electron micrograph of osteoclast from R + 0 flight group, A limited 
brush border is seen at lower right. Few vacuoles are noted. (5 yum scale) 

8. Electron micrograph of osteoclast of synchronous control group. A 
wide brush border bounded by a clear zone is shown. Intracellular 
vacuolation indicative of resorptive activity is noted. Some mineral 
is found in vacuoles. (2 pm scale) 

9. Electron micrograph of osteoclast from vivarium control group 1. 

Active brush borders , wide clear zones* and vacuolation typify osteo- 
clasts of this group. (2 pm scale) 

10. Electron micrograph of zone of cell proliferation of flight group R + 0. 
New matrix separates cells in common lacunae indicative of continued 
matrix synthesis. No vesicles are noted. (5 pm scale) 

11. Electron micrograph of chondrocyte in zone of matrix synthesis of 

R + 0 flight group. Matrix is mature but cell processes are short and 
vesicles, if present* are limited to cell margins. (2 pm scale) 
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12. Electron mfcrogriph of chondrocyte in zone of matrix synthesis of 
R + 0 flight group. Matrix is mature but cell processes are short 
and vesicles t if present, are limited to cell nuirgins. (H^jm scale) 

13. Electron micrograph of chondrocyte in zone of matrix synthesis of 

R f 0 flight group. Matrix is mature but cell processes are short and 
vesicles, if present, are limited to cell margins. (2 pm scale) 

14. Electron micrograph of chondrocyte in zone of matrix synthesis of R + 0 
group. This animal showed greatest amount of matrix vesicles in this 
zone being more comparable to control that rest of flight group which 
showed a paucity of matrix vesicles. (2 pm scale) 

15. Electron micrograph of chondrocytes of zone of matrix synthesis in 
group 1 of vivarium control. Cell processes extend well into matrix 
and some matrix vesicles are present. (2 pm scale) 

16. Electron micrograph of chondrocytes and matrix of group 1 vivarium 
control. Note vesicle formation in matrix above zone of cell hyper- 
trophy. (2 pm scale) 

17. Electron micrograph of chondrocyte of hypertrophic zone of group 1 
vivarium control. Vesicles are prominent among connective tissue fibers 
in longitudinal septa. (2 pm scale) 

18. Electron mtcrograph of intercellular septa in zone of hypertrophy of 
group 1 synchronous control group. Note vesicles in matrix in hyper- 
trophic Zone and beginning of mineral clusters about vesicles in the zone 
of provisional calcification. (I pm scale) 

19. Electron micrograph from R + 0 flight group showing zone of cell hyper- 
trophy and provisional calcification. The matrix is lacking new sites 
of mineral clusters. Vesicles are limited to the lacunar space of 
adjacent cells and are absent from cells on layer above. (5 pm scale) 

20. Electron micrograph of zone of cell hypertrophy and provisional calci- 
fication of R 4 0 flight rat. Note vesicle release occurs from cells 
nearest matrix mineralization. (5pm scale) 

21. Electron micrograph of zone of provisional calcification of R 4 0 
flight rat showing limited matrix mineral deposits. Vesicles and cell 
processes lie close to cell. (2pm scale) 

22. Electron micrograph of zone of provisional calcification of R 4 0 
flight rat showing limited matrix mineral deposits. Vesicles and cell 
processes lie close to cell. (2pm scale) 

23. Electron micrograph of zone of hypertrophy of R 4 0 flight rat showing 
paucity of matrix vesicles. (2pm scale) 

24. Electron micrograph of chondrocyte in zone of provisional calcification 
in flight group R 4 o. Note vesicles in lacunae and absence of matrix 
vesicles in more distal region. (2 pm scale) 
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25. Electron micrograph of zone of provisional calcification of R + 0 
flight rat. Only a limited number of vesicles are noted in zones 
between adjacent cell columns of hypertrophic zone, (2 )im scale) 

26. Electron micrograph of zone of provisional calcification and hyper- 
trophy of group 1 of vivarium control* Extensive new matrix mineral 

sites are noted. No vesicles remain in lacunae, (2 p scale) 

27. Electron micrograph of zone of provisional calcification and hyper- 
trophy of group 1 of vivarium control. Extensive new matrix mineral 

sites are noted. No vesicles remain in lacunae, (2 jim scale) 

28. Electron micrograph of zone of cell hypertrophy and provisional calci- 
fication of group 1 vivarium control. Extensive new matrix mineral 
sites are noted as compared to sparse distribution in flight group, 

(5 p scale) 

29. Electron micrograph of hypertrophic chondrocyte of synchronous group 
control. New mineral sites are seen here and maturing granules are 
fused into septa in zone of provisional calcification. (2 p scale) 

30. Electron micrograph of flight group R -t- 29. Note mature collagen 
bundles in longtudinal septa and 50> matrix vesicles prior to onset 
of mineralization of septa. Vesicles were not noted in this site in 
R + 0 group. (2 p scale) 

31. Electron micrograph of flight group R + 29 zone of mineralization. 

Note vesicles in matrix and new sites of mineral formation. No 
vesicles are noted within lacunae as seen in R + 0 group. (2 p scale) 

32. Electron micrograph of zone of provisional calcification - cell hyper- 
trophy of flight group R + 29, New mineralizing vesicle sites are 
noted. (2 p scale) 
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Summary 

The effects of space fsIgUt on vertebral body bone strength excised 
from male Wi star rats flovin in earth orbit for 18.5 days aboard COSMOS 
1129 have been investigated. This report describes results of comparative 
biomechanical investigations of vertebral body strength for flight, 
synchronous, and vivarium rats following spacecraft recovery (R+0), at 
R+6 and R+29 days post flight recovery. The groups for which differences 
are analyzed were formed by different combinations of environment, spinal 
column position and three different loading rates, Statistical analyses 
are presented for the mechanical properties of stiffness, ultimate load, 
displacement to ultimate load, and energy to ultimate load* At R+0 all of 
the above properties show that the vertebral body exhibits an increasing 
susceptibility to fracture. The reduction of bone strength is 
inhomogeneous and dependent on vertebral level . The R+6 recovery data was 
inconclusive since it varied above and below the R+0 data. At R+29 
ultimate load values showed a statistically significant increase in 
bone strength approaching that of the vivarium or control group. 


INTRODUCTION 


This report provides a comparative analysis of biomechanical property 
data of rat vertebral bodies following 18.5 days exposure to earth orbital 
space flight. The purpose of this report is to shed light on the 
effects of environment, relative vertebral body position and loading rate 
on groups of rats killed immediately at spacecraft recovery (R+O), at 6 
days (R+6) and 29 days (R+29) post flight. 

MATERIALS / METHODS 

Specific pathogen free, male Wistar rats from the Institute of 
Experimental Endocrinology of the Slovakian Academy of Sciences, 

Bratislava, Czechoslovakia were used. The animals were approximately 83 
days of age and ranged in weight between 270-320 grams at the beginning of 
the experimental period. The rats were divided Into three groups. 

Flight (F): The flight animals were placed in earth orbit in 

individual cylindrical containers aboard a modified Soviet Vostok 
spacecraft for a period of 18.5 days. 

Syiichronous Control (S) : The synchronous control rats were caged 
individually In a modified Vostok spacecraft and subjected to environmental 
conditions associated with launch, reentry, pressure, light cycle, air 
temperature, humidity etc. An attempt was made to simulate as closely as 
possible the spacecraft environment exposure by the flight animals. 

Vivarium ( V) : The vivarium control rats were housed in animal 
quarters and not subjected to the flight conditions. 

Following the experiment, the animals were sacrificed in three phases: 
A group of fli ght , synchronous and vi vorrum rats were sacrificed at the 
end of the 18.5 day flight period (short ly following ground landing 


Impact). A second and third group of rats was sacrificed 6 days post 
flight and a fourth group at 29 days post flight. The sacrifice schedule 
is shown in Table 1. 

Table 1 

Sacrifice Schedule - Flight, Synchronous, and Vivarium Rats 
(R>space craft recovery) 

Sacrifice 

Group Group Number Rat Number Schedule Number of Rats 
Flight 


Synchronous 


Vivarium 


There are two groups of R+6 rats. Group Number 3(*) of the R+6 rats were 
handled differently than groups 1, 2, and 4. Group 3 rats underwent readapta- 
tion functional tests just following and for several days after spacecraft 
recovery. Since this group was handled differently than the others, the results 
of vertebral compression tests on this group of animals are not reported for R+6 
or R+29. 

The animals were decapitated at the end of the prescribed experimental 
period and their vertebral column and sacrum grossly dissected. The specimens 
were frozen, refrigerated, and forwarded to the AFAMRL . Upon arrival, each 
vertebral column was radiographed, the number of vertebral bodies in the 
respective thoracic and lumbar regions identified. 
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F 1 - 7 

R 

+ 0 

7 

2 


F 8-13 

R 

+ 6> 

-...—13 

3* 


F 14 - 20 

R 

+ 6,r 

4 


F 21 - 25 

R 

* 29 

5 

Total 

number 

of rats ® 25 
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S 1 - 7 

R 

0 

7 

2 


S 8 - 13 

R 

+ 67 

-......-13 

3* 


S 14 - 20 

R 

+ 6r'“" 

4 


S 21 - 25 

R 

+ 29 

5 

Total 

number 

of rats * 25 
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V 1 - 7 

R + 

0 

7 

2 


V 8-13 

R + 

67 

13 

3* 


V 14 - 20 

R + 

67 

4 


V 21 - 25 

R + 

29 

5 

Total 

number 

of rats - 25 







Preparation and Testing 


The indiv^ual vertebral centra v^re 
by slicing through the mid section of the 
articular capsules were sectioned and the 
Each vertebral centrum was cleaned of all 
surface. The individual vertebrae in the 
following groupings. 

Column Position 
Pi 

P2 

P3 

P4 

P5 

Pfi 

The test matrix is shown in Table 2. 


disarticulated from one another 
Intervertebral disk, the 
vertebral bodies were cut away, 
soft tissue clinging to its 
spinal coluiim were assigned the 

Assigned Vertebral Levels 
T2-T3-T4 
T5-T6-T7 

T 11 -T 12 -L 1 

L 2 -L 3 -L 4 

L 5 -L 6 -L 7 


The Test Machine 


Vertebral centra properties were determined by subjecting the 
specimens to simple compression loading using an Instron Model TTC-L; this 
screw gear test machine applies a load in compression by the motion of a 
movable crosshead . Detai Is regarding the operation of the test machine are 
given in manufacturers catalogs. 

For this particular test matrix the column groupings were assigned so 
that compression loading could be conducted at three separate and distinct 
loading rates. These rates were selected to be 

8,467 X 10"^ m/s =2.0 in/mi n 
4,233 X 10“^ m/s = 1.0 in/min 
4,233 X 10"5 m/s = 0.1 in/min 
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The Force-Displacement Curve - Data Reduction Methodology 

The values of stiffness, ultimate load, displacement to ultimate load, 
and energy to ultimate load were analyzed* Each of these parameters was 
defined and/or determined from individual load-displacement curves. 

A typical load displacement curve is shown in Figure 1. 



SUBJECT 10 
COLUMN POSITION 
VB LEVEL 

displacement rate 

MAXIMUM STRAIN 
SPECIMEN PRETEST LENGTH 
SPECIMEN PRETEST AVERAGE AREA 


sRAT R4-63F6 

«4. 

■11 

>2.008 tlUJMm. 
so.aooo NL/M. 

>0.1600 IN. 

S1.0200E-02 SQ.IN. 


Figure 1 

The test specimen load is plotted on the ordinate versus the cross head 
displacement on the abscissa . Each of the above material properties was 
extracted directly from the test curves. 

The initial portion on the load-displacement curve, following the 
apparent elastic section, where the tangent to the curve becomes parallel 
to the displacement axis is defined as the ultimate load . Ultimate load 
has to do with the maximum compressive load developed by the specimen. The 
ultimate load can be lo'^ked upon as the load at which the specimen has 
become permanently defoned and/or structurally damaged . The dispi acement 


at this point is defined as the displacement to ultimate load. 

The energy to ultimate load is defined as the area under the load 
versus displacement curve, from the point of zero displacement up to the 
displacement at ultimate load; the capacity of a specimen to absorb or store 
energy. 

The specimen stiffness (loading slope) is determined by fitting the 
apparent linear elastic section of the load displacement curve with a 
least squares linear fit. Stiffness has to do with the relative 
deformability of a specimen under load. 


Stati stical Analysis 


Two procedures were used for analyzing the experimental results: (1) 
Analysis of variance (ANOVA) and (2) Duncan's Multiple Range test. The 
ANOVA was used to test for a difference in means among several different 
groups. If the ANOVA procedure indicated a difference, Duncan's multiple 
range test was used to give an indication of which groups differ from the 
others. 

The groups for which differences were being analyzed were formed by 
different combinations of environment, spinal column position, and 


loading rate. Different types of differences were analyzed within these 
combinations and identified as interaction and main effects. 

An interaction occurs when there is a difference in means for 
different values of one variable, but the difference depends on one or more 
of the other variables. For example, if for two loading rates the ultimate 
load were higher for the vivarium group than for the synchronous or flight 
group, but for the third loading rate the synchronous and flight groups 
were higher than the vivarium group, then we say there is an interaction 
between these two variables . (Note this is for explanatory purposes only. 


This effect did not happen in the data.) If an interaction occurs, it does 
not make statistical significance to look at one of the variables involved 
without taking the Others into account. Tor these data there could be two 
way interactions (two variables involved) or three way interactions (all 
three variables involved). 

An interaction term reflects the fact that although a particular 
variable is statistically significant ft is also related to, or interacts 
with, another variable to a high statistical significance. The smaller the 
number of inter-action terms associated with a particular material 
property, the easier the data can be interpreted. 

Main effects are environment, column position and loading rate. That 
is. we are interested in whether or not each of these variables has an 
effect on the parameters measured, without regard to the other two. If the 
ANOVA procedure detects a difference, the effect was identified as a 
significant main effect. 

Statistical analysis of the K-307 (COSMOS) vertebral body rate data 
was prepared on the following dependent material parameters : 

1) Stiffness - N/M (Newton/Meters) 

2) Ultimate Load - N (Newtons) 

3) Displacement to Ultimate Load - M (Meters) 

4) Energy to Ultimate Load - J (Joules) 

For all parameters an analysis of variance table reflects those 
independent variables which were significant to the gsX level of confidence 
or above (o^ less than 0.05) . The independent variables of environment 
(ENV), column position (CP) and loading rate (LR) were analyzed along with 
their associated cross-products or interaction terms (ENV*CP. ENV*LR. 

CP*LR, ENV*CP*LR) . 


RESULTS (R^^oy 


STIFFNESS 

The stiffness analysis of variance data are presented in Table 3. 


TABLE 3 

ANALYSIS OF VARIANCE FOR STIFFNESS (N/M) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

ENV 

2 

7.84227 X loll 

6.98 

< 0.01 

AN(ENV)+ 

18 

1.12319 X loll 

2.00 

0,01 

CP 

5 

5.40023 X loll 

9.60 

< 0.01 

LR 

2 

1.28709 X loll 

2.29 

0.10 

ENV*CP 

10 

7.77499 X lOlO 

1.38 

0.19 

ENV*LR 

4 

3.10750 X lOlO 

0.5S 

0.70 

CP*LR 

10 

8.65246 X lOlO 

1.54 

0.13 

ENV*CP*LR 

20 

5.43643 X lOlO 

0.97 

0.50 

ERROR 

281 

5.62702 X lOlO 




+AN( ENV) mean square was used as the error term to compute the ENV F 


ratio. 

The effects due to both environment and column position were significant at 
theJL= .01 level . The loading rate effect was not significant and there 
were no significant interaction terms . Further analysis of the stiffness 
means using the Duncan's Multiple Range test showed that at thed^» .05 
level, the f 1 i ght and synchronous means were significantly larger than the 
vivarium mean. Very little difference in stiffness was noted between the 
flight and synchronous groups. Similarly, the mean stiffness for the first 
three column positions (Pi, P 2 and P 3 ) was significantly greater than 
for the last three column positions {P 4 , P 5 and Pg). These results 


are illustrated in Figure 2, which is a plot of average stiffness oyer all 
loading rates for the flight, synchronous, and vivarium groups for each 
column position. 

PAT VEnTEBnAl. ■ODIEt - K307 P'O OVER ALL LOADIK^ RATES 



Figure 2 

The plots in Figure 2 are in agreement with the above statistical 
results, excepting for the first column position (Pj^), For this column 
position the vivarium and synchronous rats constantly exhibited larger 
stiffness values than the flight rats. The values of stiffness appear to 
decrease with increasing column position; however, this decrease in 
stiffness is not consistent over all column positions. Rather, it appears 
that stiffness as a function of column position can be divided into two 
levels, with the first three column positions (Pi, P 2 and P 3 ) at one 
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level and th« last three (P 4 , P 5 and Pg) at a second sharply lower 
level, (The geometry of the vertebral bodies also exhibits a comparative 
change at these levels. The vertebral bodies at the Pj, Pgi P 3 
levels are conparatively shorter than those in the lower spinal 
column.) 

ULTIMATE LOAD 

The ultimate load analysis of variance data are presented in Table 4. 


TABLE 4 

ANALYSIS OF VARIANCE FOR ULTIMATE LOAD (N) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

ENV 

2 

43642,32 

10.15 

< 0,01 

AN(ENV)+ 

18 

4298.08 

6.28 

< 0.01 

CP 

5 

56718.74 

82.92 

< 0.01 

LR 

2 

22122.39 

32.34 

< 0.01 

ENV*CP 

10 

1140.13 

1.67 

0.09 

ENV*LR 

4 

599.98 

0.88 . 

0.48 

CP*LR 

10 

606.69 

0.89 

0.55 

ENV*CP*LR 

20 

375.57 

0.55 

0.94 


ERROR 281 684.04 

+AN(ENV) mean square was used as the error term to compute the ENV F ratio. 

The effects due to environment, loading rate and column position were 
significant. Further testing of the ultimate load means using the Duncan's 
Multiple Range test indicated the following at the 4 ® ,05 level. 

(a) the vivarium mean was significantly larger than the synchronous 
mean which in turn was significantly larger than the flight 
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mean, 

(b) the ultimate load means for the two larger loading rates (Ri 
« 8.467 X i0“4 arid Rg » 4.233 x 10“^ meters/s^eond) were 
significantly larger than the ultimate load mean for the 
slowest loading rate (R 3 ~ 4.233 x 10"5 meters/second), 

(c) the column position ultimate Toad means were approximately the 
same for Pj and P2 but Increased significantly for eaOh of 
the remaining coluim positions (Pi « Pg < P 3 < P 4 < 

P5 < Pe)* 

These results are presented In Figure 3 which Is a plot of average 
ultimate load over all loading rates for each vertebral level and for 
environment at each column position. 
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Figure 4 which Is a plot of average ultimate load over all environments 
for each level of loading rate at each column position. 


WAT VERTEBRAL BODIES « K307 R*0 OVER ALL ENVIRONMENTS 



Figure 4 


Figures 3 and 4 are consistent with the statistical results. Figure 3 
indicates that ultimate load was the lowest for the flight vertebrae and 
the highest for the vivarium vertebrae with the synchronous data falling 
approximately midway in between . Figure 4 shows that the ultimate load 
was loading rate sensitive, that is, the ultimate load for the Rg loading 
rate was clearly less than the ultimate load for the two larger loading 
rates (Rx and Rg) . Loading rate Rx was only a factor or two larger 
than R 2 - This difference was insufficient to demonstrate a significant 
change in the resulting ultimate load. 
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Both figures clearly Illustrate that vertebral body ultimate load 
increases from column positions to Pg. The results indicate a 
decrease in bone strength for the flight and synchronous groups. 18.5 days 
of space flight appears to weaken bone structure. 

DISPLACEMENT TO ULTIMATE LOAD 

m 

The displacement to ultimate load analysis of variance data are 
presented in Table 5. 


TABLE 5 

ANALYSIS OF VARIANCE FOR DISPLACEMENT TO ULTIMATE LOAD (M) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

ENV 

2 

6.140 X 10-7 

9,56 

< 0.01 

AN(ENV) 

18 

6.440 X 10-6 

2,24 

<0.01 

CP 

5 

2.602 X 10-6 

90,58 

< 0.01 

LR 

2 

4.750 X 10-7 

16.60 

< 0.01 

ENV^CP 

10 

3.300 X 10-6 

1,14 

0.34 

ENV^LR 

4 

5.500 X 10-6 

1.92 

0.11 

CP-*LR 

10 

6.100 X 10-8 

2.11 

0.02 

ENV*CP*LR 

20 

2.550 X 10-8 

0,88 

0.61 

ERROR 

280 

3.0 X 10-8 




+AN(ENV) mean square was used as the error term to Compute the ENV F ratio* 

The effects due to environment, and to the interaction between dolumn 
position and loading rate were significant. Because of this interaction* 
the effects of loading rate and column position were not considered 
separately. Testing of the displacement to ultimate load means, using the 
Duncan's Multiple Range test at thed^ = ,05 significance level, showed that 


the displacement to ultimate load for the vivarHum rats was significantly 
greater th ah for the synchronous or flight rats. 

The significant interaction means that^ although both loading rate 
and column position effects were significant, the displacement to 
ultimate load did not respond the same over column position for the 
three loading rates. That is, displacement to ultimate load response 
over column position Was dependent on loading rate. Because of this 
loading rate dependence, the displacement to ultimate Toad data were 
not averaged over all loading rates. The effect of environment at 
each loading rate is presented in Figures 5, 6, and 7. 


RAT VERTE0RAL BODIES - K307 RfO AT LR«8.467E-04 M/8 



Figure 5 








The dlsplacefnent to uTtimate load was consistently largeV’ for the vivarium 
vertebrae. The overall mean displacements for synchronous and flight were 
approximately the same; no consistent trends were evident. 

The Inconsistent slope of the response curve from column positions 5 
to 6 in these three plots is typical of the type response which will 
result in a significant interaction between column position and loading 
rate. That 1S| the three slopes for the two extreme loading rates (fastest 
and slowest) are reasonably consistent; however, the slopes for the 4.233 x 
104 meters per second loading rate show a very different rate of change of 
displacement with column position. The effects of loading rate is shown in 
Figure 8 which is a plot of displacement to ultimate load versus colunn 
position for each loading rate averaged over all environments. 

RAT VlRTEBRAi. BODIES K907 R^ OVER ALL ENVIRONMENTS 



Figure 8 



The displacement for the 8.467 x 10^ meters/second loading rate was greater 
than for the two slower loading rates. All four figures clearly 
demonstrate the increase in displacement with increasing column posilkion. 
These results also show that less displacement was necessary to fail the 
hypogravity exposed rats indicating a loss in bone strength which 
correlates to the ultimate load results. 

ENERGY TO ULTIMATE LOAD 

The energy to ultimate load analysis of variance data are presented in 
Table 6. 

TABLE 6 

ANALYSIS OF VARIANCE FOR ENERGY TO ULTIMATE LOAD (JOULE) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

ENV 

2 

1.31144 X 10-2 

7.81 

< 0.01 

AN(ENV) 

18 

1.67845 X 10-3 

2.47 

< 0.01 

CP 

5 

5.34479 X 10-2 

78.57 

< 0.01 

LR 

2 

1.34479 X 10-2 

21.45 

< 0.01 

ENV*CP 

10 

5.43855 X 10-4 

0.80 

0.63 

ENV*LR 

4 

3.22155 X 10-4 

0.47 

0.76 

CP*LR 

10 

1.73723 X 10-3 

2.55 

< 0.01 

ENV*CP<'LR 

20 

5.15330 X 10-4 

0.76 

0.76 

ERROR 

280 

6.8024 X 10-4 




+AN(ENV) mean square was used as the error term to compute the ENV F ratio. 

The effects due to environment and the interaction of loading rate and 
column position were significant. Further testing of the energy to 
ultimate load means, using the Duncan ' s Multiple Range test at the a - .05 
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significance level, showed that the energy to ultimate load for the vivarium 
and sychronous vertebrae was significantly greater than for the flight 
vertebrae. The effects of environment are presented in Figures 9, 10, «nd 
11 . 


HAT VERTEBHAL BODIES - K907 B*© AT LR^B.AeTE-OA M/8 



Figure 9 







Due to the loading rate interaction with colunti position, a separate plot 
is presented for each loading rate* the energy to uTtimate load for the 
vivarium and synchronous vertebrae were Inconsistent over loading rate and 
column position; however, the energy for both was greater than for the 
flight vertebrae. 

These three plots provide a good graphic demonstration of the meaning 
of a significant Interaction. In general, energy to ultimate load 
Increases with column position and also with increasing loading rate; 
however, this Increase is not consistent over all column positions and 
loading rates. This Is evident from the wide variation in the slope of the 
corresponding curves at each loading rate. The effect of loading rate is 
presented In Figure 12 which Is a plot of energy to ultimate load for each 

loading rate averaged over all environments. 
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Figure 12 

This plot shows that the energy Increases with Increasing loading rate 








All four figures show that energy 'Tncreases with column position. 

In all cases the vivarium group required more energy to ultimate load 
failure than the flight groups. The synchronous group was not 
conclusive, but averaged between the flight and vivarium groups. These 
results correlate with the previous parameter analysis, in that there 
was a probable loss of bone strength due to space flight since less 
energy was required to fail the flight specimens. 

RECOVERY TIME EFFECTS 

Due to the number of recovery time/environment Interaction effects 
that were statistically significant in the R+0 analysis. It was decided 
to break the data down into three groups by environment. This can be 
done since the data showed that environment had a statistically 
significant effect on the rat vertebral strength. The previous (R+0) 
original analysis Indicated a decrease In bone strength for the Flight 
and Synchronous groups . One additional change was also made to the 
original test matrix. Test group 3 consisting of seven rats was removed 
from each of the three environments at the R+6 recovery period. This 
resulted in a more balanced test matrix whereby seven rats were run at 
R+0, six at R+6 and five at R+25. 

ULTIMATE LOAD 

Only the material property of ultimate load is presented. 

The other material properties also Indicated significant recovery time 
effects, but are not presented in this report to simplify the analysis. 
For ultimate load, an analysis-of-varlance table reflects those 
Independent variables which were significant to the 95% level of 
confidence or above (cA less than 0.05). The Independent variables of 
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recovery time (RT), column position (CP) and loading rate (LR) were 
analyzed along with their associated interaction terms (RT*LR, RT*CP, 
CP*LR, RT*CP*'LR), The following sunmarize the results within the three 
environments of vivarium, synchronous and flight. 

VIVARIUM 

The ultimate load analysis of variance data for the V group is 
shown in TafaTe 7. 

TABLE 7 

ANALYSIS OF VARIANCE FOR VIVARIUM GROUP ULTIMATE LOAD (N) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

RT 

2 

378.88 

0.07 

0.9286 

AN(RT)+ 

IS 

5092.2S 

4.84 

0.0001 

LR 

2 

18269.92 

17.36 

0.0001 

CP 

5 

70186.16 

66.69 

0,0001 

RT^LR 

4 

190.34 

0.18 

0.9482 

RT*CP 

10 

1039.52 

0,99 

0.4547 

CP*LR 

10 

781.03 

0.74 

0.6843 

RT^CP*LR 

19 

918.42 

0.87 

0.6177 

ERROR 

233 

1052.35 



+AN(RT) mean 

square was used 

as the error 

term to compute the RT F ratio 


The main effects due to loading rate and column position were 
significant at the 95* level of confidence. These results are presented 


In Figure 13, ymich is a plot of average ultimate load over aU loading 
rates for each level of recovery time, at each column position, and 
Figure 14, Vfhich Is a plot of average ultimate load over alt recovery 
times, for each level of loading rate, at each column position. 
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Figure 13 
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Figure 14 


Figures 13 and 14 are consistent with the statistical results. 
Figure V 3 shows, as would be expected since the vivariim group is a 
control group, that there is no significant effect due to recovery time 
since the R+0, R+ 6 , and R-i-29 curves are essentially the same, Figure 14 
shows that the ultimate load was loading rate sensitive. The ultimate 
load for the slowest rate (R 3 ) was clearly less than the two larger 
loading rates (Ri and R 2 ) . Loading rate Ri was only a factor of 
two larger than R 2 . This difference was insufficient to demonstrate a 
significant change in the resulting ultimate load. Both figures clearly 
illustrate how vertebral body ultimate load increases from column 
position Pi to P 6 . 
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SYNCHRONOUS 

The ultimate load analysis of variance data for the Synchronous 
group Is shown In Table 8. 

TABLE 8 

ANALYSIS OF VARIANCE FOR SYNCHRONOUS GROUP ULTIMATE LOAD (N) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

RT 

2 

43865.11 

4.84 

0.0232 

AN(RT) + 

15 

8975.12 

13.87 

0.0001 

LR 

2 

24320.11 

37.59 

0.0001 

CP 

5 

59934.23 

92.63 

0.0001 

RT*LR 

4 

534.26 

0.83 

0.5094 

RT*CP 

10 

2281.26 

3.53 

0.0002 

CP*LR 

10 

1317.08 

2.04 

0.0307 

RT*CP*LR 

20 

580.78 

0.90 

0.5904 

ERROR 

235 

646.99 




+AN(RT) mean square was used as the error term to compute the RT F ratio. 

There were no independent significant main effects, but there were 
significant interaction effects between recovery time and column 
position, and loading rate and column position. These interaction 
effects were significant to the 95% level of confidence (at = 0.05) . 

The RT*CP interaction effect is presented in Figures 15, 16, and 






RAT VERTEBRAL BODIES - K807 FOR ENV>S AT LR«4.233E^05 M/8 



Figure 17 

Because of the additional interaction terms of LR*CP the effect of RT 
data can not be averaged over all loading rates, but must be presented 
as separate plots at each of the three loading rates of R^, R 2 , and 
R3 (Ri = 8.467 X 10-^ M/S, R 2 = 4.233 x 10-4 M/S, R 3 = 

4.233 X 10“5 M/S) .The ultimate load at R+29, in all cases, was 
greater than the ultimate^^^^l^^^ R+ 0 . The ultimate load data 

at R +6 was inconclusive, since it varied above and below the R+0 
ultimate load curve. These curves indicate that an increase in bone 
strength, relative to the R+0 level, was apparent at the R+29 level. 
These curves also demonstrate the increase in ultimate load with 
increasing column position. 









Again, because of the additional Interaction term of RT*CP, the 
effect of loading rate can not be averaged over all recovery times, 
but must be presented as separate plots at e<Hch RT level (R-fO, R-«-6, 
R+29)» The ultimate load was lowest at the R3 loading rate, while the 
R[ and R2 loading rates showed an ultimate load greater than that at 
R3. No conclusive trends were noted between Rj and Rg loading 
rates. These plots also show the Increase In ultimate load as column 
position Increased from Px to Pg, 

FLIGHT 

The ultimate load analysis of variance data for the Flight group Is 
shown in Table 9. 

TABLE 9 

ANALYSIS OF VARIANCE FOR FLIGHT GROUP ULTIMATE LOAD (N) 


Source of 
Variation 

Degrees of 
Freedom 

Mean Square 

F Ratio 

Probability 
of > F 

RT 

2 

11293.95 

4.21 

0.0355 

AN(RT) 

15 

2685.34 

5.87 

0.0001 

LR 

2 

15059.84 

32.92 

0.0001 

CP 

5 

55508.96 

• 121.35 

0.0001 

RT*LR 

4 

1117.04 

2.44 

0.0475 

RT*CP 

10 

1243.09 

2.72 

0.0035 

CP*LR 

10 

732.59 

1.60 

0.1069 

RT*CP*LR 

20 

274.45 

0.60 

0.9110 

ERROR 

236 

475.43 



+AN(RT) mean 

square was used as the error 

term to compute the RT F ratio 
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There were no independent significant main effects, but there were 
significant interaction effects between recoverjf time and column 
position, and recovery tine and loading rate. These interaction 
effects were all significant to the level of confidence (a * 0.05) 
The RT*CP interaction effect is shown in Figures 21, 22, and 23. 


RAT Vertebral bodies - ksot for env*f at lr>8.467e-04 m/s 



Figure 21 











6<Kause of the additional interaction term of RT*LR the effect of RT can 
not be averaged over all loading rates, but must be presented as 
separate plots at each of the tiifee loading rates. The ultimate load at 
R+29 was gr iater than the ultimate load at R+6, and R+O, However, the 
ultimate load data at the R-tS level was inconclusive, since it varied 
above and below the R+0 ultimate load curve. As with the synchronous 
data, these plots Indicate am increase in bone strength, relative to the 
R+0 level, at R+29. These curves also demonstrate the increase in 
ultimate load with Increasing column position. 

The RT*LR interaction effect is presented in Figures 24 thru 29. 


RAT VERTEBRAL BODIES - KS07 FOR ENV>>F FOR CPM 



Figure 24 


262 












RAT VERTIRRAL iOOIEE ^ K907 FOR ENWF FOR CF«f 



Figure 29 

Because of the additional interaction term of RT*CP the effect of 
loading rate can not be averaged over all column positions. As can be 
seen from the graphical plots, the ultimate load was lower for the 
slower loading rate (R 3 ) and progressively higher for the Rg and Rj 
faster loading rates. In general, the R+ 0 , R+ 6 , and R+29 recovery time 
curves all decreased in ultimate load as loading rate decreased. Minor 
inconsistencies were noted at column positions 4 , 5 , and 6 , where the 
ultimate load leveled off across loading rate or peaked at the Rg 
loading rate. These plots also show that the R+29 recovery time curves 
exhibited greater ultimate loads, as a function of loading rate, than 
did the R +6 and R+0 curves. 
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By breaking down the vertebral body rat data Into .separate 
environmental groups of v1var1um» synchronous and flight, It was 
possible to statistically analyze the data for recovery time effects. 

The results indicate that after a 29-day recovery period following 
flight, there was a statistically significant Increase in bone strength 
approaching that of the vlvar tun or control group. The results 
relating to the synchronous group were not consistent, In that at the 
end of the 29-day recovery period the ultimate load data, in some cases, 
was greater than the ultimate load data of the vivarium. 
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SUMMARY 

The morphology of histochemically prepared muscle sections from the 
gastrocnemius and plantaris muscles of flight and vivarium control 
rats was studied quantitatively. Both fast-^twitch and slow-twitch 
fibers were significantly smaller in flight groups than in control 
groups. Fibers in group 4 F were somewhat larger than in IF, presumably 
due to growth after recovery. Fibers in 4V were slightly larger than 
in IV, presumably due to age. The slov/ fibers showed more spaceflight 
induced size loss than fast fibers, suggesting they suffered more 
from hypogrevity. The proportion of slow fibers was also lower in the 
flight groups, suggesting spaceflight induced fiber type conversion 
from slow to fast. 


* Jet Propulsion Laboratory, Pasadena, California. 

** use School of Medicine, Los Angeles, California. 


267 




INTRODUCTION 

Space flight and hypogravlty are known to produce systemic and 
metahollo changes In animals and humans (Ti 2). Even though the effects 
of weightlessness in various organ systems are well described, the 
pathophysiological mechanism Is largely unknown. During adaptation to 
hypogravlty during space flight, the musculoslieletal system Is dynam- 
ically responsive to insufficient loading mechanism, leading to 
hypokinesia and hypodynamia. Decreases In body mass and leg volume have 
been described In manned space flights, resulting In loss of muscle 
bulk (3, 4). 

Skeletal muscle Is capable of two basic types of contraction. Some 
fibers utnize a glycolytic anaerobic energy mechanism. These fibers 
(fast twitch glycolytic) contract rapidly, but fatigue easily. Other 
fibers require an available oxygen supply since they utilize an 
oxidative metabolism for their energy (slow twitch oxidative). They 
contract more slowly and are resistant to fatigue. These fibers are 
important In maintaining posture against gravity, while fast twitch 
glycolytic fibers are required for quick, forceful movement (5). Upon 
close analysis, ft becomes apparent that the above scheme is an over- 
simplification, and that all muscle fibers are not readily classified 
Into one of only two distinct groups. In fact, there are fast twitch 
fibers having high level of enzymes for both glycolytic and oxidative 
metabolism. These fibers exhibit both fast contraction and fatigue- 
resistant Gharacterlstics. It has also become apparent that for any 
given fiber, the type of energy metabolism employed is not Immutably 
fixed throughout its life. During fetal development for example, the 
fibers undergo type changes depending upon the type of Innervation they 
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receive. More Importantly, they change with exercise and with the 
demands put upon the muscle by the environment. Electrioal atimulation 
of muscle can also change the contracting mechanism (6* 7, 8). These 
observations have far reaching implications for the effects of space 
flight on human and animal neuromuscular systems. 

Previous flights in the COSMOS biosatelTite series, involving 
similar exposures of rats to spaceflight conditions, have demonstrated 
atrophic and dystrophic changes in various muscles due to hypokinesis 
and hypogravHy. On the 22-day COSMOS-605 flight the weight of the 
e.d.1. muscle was 12% lower in flight than vivarium animals, and fiber 
area was down by 13% (9). Changes in the soleus muscle were more 
pronounced, 32% down in wei ght and 22% down in fiber area. On those 
rats used in the radioisotope experiment the muscle weight changes were 
slightly larger: 18% for the e.d.l. and 37% for the soleus (10). Both 
muscles exhibited a decrease in strength and a slowing of the twi tch 
response. In the soleus, contracting time was shorter in the flight 
animals (11). 

On the 20.5 day COSMOS-690 flight, which included a 24 hour 
exposure to an 800 rad dose of radiation, the soleus showed a 25% 
weight deficit, and the gastrocnemi us a 19% weight deficit when flight 
animals were compared with vivarium controls (12). In this experiment 
the e.d.l. showed no significant weight change. In the soleus the area 
of "red" fibers showed a 28.7% decrease while "intermediate" fiber 
area went down by 36.4%. 

On COSMOS- 782, the weight of the soleus was 33% lower in flight 
animals and 17% lower in the synchronous experiment than in vivarium 
controls (13). In all previous flights the large mixed- fiber muscles 
(quadriceps j biceps and, except as noted above, gastrocnemius) failed 

to show significant weight changes. 

269 : ' ■ 


Muscle fiber size and type distribution were studied in the extensor 
digltorium longus (e.d.l!.) muscles of IB COSMOS-936 rats (14). Five 
flight stationary, five synchronous stationary, and five vivarium 
control animals were examined. Of the three groups, average fiber 
diameter was largest in the vivarium control animals, 1 % smaller in 
synchronous control , and \ 1 % smaller in the flight animals. Flight 
muscles appeared to be shorter than those of the other groups. Fiber 
number showed no significant difference. The e.d.l. contains predomi- 
nantly "fast twitch" fibers. The “slow" fiber percentage was quite 
variable in these animals, and no statistically significant fiber type 
conversion was noted (14). 

The effects of hypergravity have been studied in rats which spent 
the first 3 months of life in a 2g centrifuge. Fiber type conversion 
was observed in the soleus muscle which went from 84% slow fibers in 
controls (16% intermediate fibers) to 100% slow fibers in experimental 
animals (15). The soleus also showed a fiber diameter decrease in males. 
The plantaris muscle showed statistically significant fiber diameter 
increases in females and decreases in males. 

MATERIALS AND METHODS 

A total of 75 pathogen-free adult Wistar rats recovered from 18.5 
days of orbital flight were included in the present study. 

They were divided into three groups: 

Flight (F), 25 animals. 

Synchronous Control (S), 25 animals. 

Vivarium Control (V), 25 animals. 


Seven animals of the flight groups were sacrificed at the recovery 
site within six hours of landing (R+0). Six were sacrificed six days 
later (R+6). Seven additional flight animals were also sacrificed six 
days later, but after iriinobllizatlon stress. Finally, five flight 
animals were sacrificed twenty-nine days after recovery. Similar 
number of animals were obtained from v.varium and Synchronous Control 
Groups. 

The left gastrocnemius and plantaris muscles were carefully removed 
immediately after sacrifice by decapitation. Specimens were placed In 
pre-labeled and pre-chi lied poly Q II scintillation vials (Beckman^) 
and immersed in liquid nitrogen for q period of approximately ten 
minutes. Vials containing muscle specimens properly labeled and color 
coded were stored in insulated containers, packed with dry ice and 
shipped to the University of Southern California, Neuromuscular Research 
Laboratory, and stored in a deep freezer for histochemical processing. 

A. Histochemi cal Processing 

Whole gastrocnemius and plantaris muscles were cryostat sectioned 
at 10 pm thick. Three consecutive serial sections were obtained for 
every 2000 pm interval. In addition to routi ne hematoxylin, eosin and 
tri chrome histological stains, the following histochemical reactions 
were performed: reduced nicotinamide adenine di nucleotide tetrazoli urn 

reductase (NADH) (16), myofibrillar adenosine triphosphatase (ATP ase) 
incubated at ph 9.4 (17), 4.6 and 4.3 (18), and glycogen by periodic 
acid-Schiff (PAS) reagent. Fiber sizes were measured iij sections 
processed for ATP ase at pH 4.6 . 


B. Quantitative Analysis 


Muscle histochemistry from all threei groups of animals were analyzed 
In the Medical Image Analysis Facility at the Jet Propulsion Laboratory. 
This facility Includes a microscope-mounted television camera capable 
of converting the specimen Image Into numerical form and feeding it 
into a computer for analysis. The digital image is a rectangular array 
of 512x512 optical density measurements. The operator selects for 
analysis a portion of the center section on the slide. The specimen 
image is digitized and processed in a PDP-11 minicomputer (19). The 
computer program isolates the individual fibers and measures the area, 
perimeter and average opti cal density of each. The operator corrects 
any Inaccuracies in the automati c fiber Isolation step. Fiber diameter 
D is computed as the diameter of that circle having the same area by 
the formula D = Z>/Ah . This assumes that basically cylindrical 
fibers have been pushed into polygofial cross sectional shape by close 
packing, assuming that all fibers are cut normal to theif 9X1 s. The 
fiber diameter measurement error is less than 3% (14). 

The computer program produces a scatter plot showing how the 
fibers are distributed in diameter and optical density. The operator 
selects a density threshold which separates light (slow) from dark 
(fast) fibers and the program plots fiber diameter hi stograms 
(distribution curves) for both dark and light fibers. !t also prints 
Individual and mean fiber area and diameter measurements (19, 20). 

Several non- overlapping fields are processed on the central section 
from each slide unti 1 from 200 to 500 fibers have been measured. Then 
mean fiber diameter, mean fiber area, and light fiber percentages are 
tabulated for each slide. 
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Cross sections of the gastrocnemius muscle were Identlflecl Into 
three distinct regions (I, II and Ili), primarily by the distribution 
and clustering of dark and light fibers. Measurement of muscle fibers 
of each of the regions was made according to the previously described 
method (14). 

RESULTS 

Upon histological examination, all slides appeared essentially 
normal. The PAS specimens showed no major accumulation of glycogen. 

Loss of mitochondria In the NAW specimens was not observed. There were 
no major cytoarchitectural changes, and necrotl c changes and "moth 
eaten" fibers were not seen. Morphometric analysis of muscle fibers 
was obtained from the gastrocnemius only since this was the only 
muscle containing enough slow fibers for comparison of both fiber 
types. Table 1 shows fiber area measurements In square microns 
(ATPase ph 4.6) from the region II. The flight animals showed a reduc- 
tion in total area of both slow (dark) and fast (light) fibers. 

However, the slow fibers were more affected as evidenced by the 
decrease in slow- to*- fast fiber area ratio. This Is the region of the 
muscle where fast and slow fibers are most nearly balanced, and It 
demonstrates the observed’ trends quite well. 

Table II Indicates the percent changes compared by groups (flight 
vs. control) and by regions. Both fiber types showed a significant 
reduction In fiber area. With only two exceptions the proportion of 
slow fibers was reduced by spaceflight. Finally, the ratio of slow 
f1 ber area to fast fiber area was lower in the f 1 1 ght groups, Indl catl ng 
that slow fibers suffer size loss more than do fast fibers. 
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Table III lists the quantitative data obtained from all three 
regions of the gastroc from four experimental groups. With few 
exceptions the fiber area, the slow fiber proportion and the ratio of 
slow to fast fiber area all Increase in the order IF, 4F, IV, 4V. 

This suggests that the primary effect Is spaceflight, with a secondary 
effect due to the post-flight activity of the 4F and the age of the 
4V animals. 

DISCUSSION 

Animals subjected to hypogravlty showed a significant reducti on 
In fiber size for both fiber types. The mechanism of these changes Is 
not clear and can only be postulated, Hypogravlty produces Insufficient 
loading rf muscle, leading to hypokinesia (motion) and hypodynamia 
(force). This in turn produces trophic changes, particularly In 
anti gravity muscles (or slow twitch oxidative fibers), decreased protein 
metabolism, negative nitrogen balance, etc., producing muscle atrophy 
as the final result, with the possible consequence of decreased muscle 
tone, strength and altered tolerance to physical work capacity. These 
observations have far reaching Importance in prolonged manned space 
flights, where preventive measures could perhaps be achieved by 
designing appropriate exercise programs. 

These results appear to give a snapshot of how muscle physiology 
adapts to the spaceflight environment. Slow fibers. Important in 
maintaining posture against gravity, are little used in space, and their 
size, and even their proportion, are reduced by the adaptation process. 
Fast fibers also suffer a di suse atrophy, but to a lesser extent since 
they are still used for locomotion. 


The conversion of fibers from slow to fast is particularly interest- 
ing since it has not previously been demonstrated in spaceflight* 
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Table I 

This table compares the muscle fiber measurements from region II of the 
gastroc in IF and IV animals. ATPase reaction* pH 4.6 . 


GASTROCNEMIUS REGION tl 


rertiiP number OF AREA FIBERS 
ANIMALS EXAMINED MEASURED 


IV 

CONTROL 
IF FLIGHT 


SLOW 

SLOW FI BER 

FAST FIBER 

IBERS 

AREA 

AREA 


7L9 mm2 2m 

22.8 mm2 894 


42,% 3798»i2 3267^2 


SLOW/FAST 
A 
R 


1.157 


38.9)k 2480|ji2 2602 0.975 


• 20.4% REDUCTION IN FAST FIBER AREA 

• 34.7% REDUCTION IN SLOW FIBER AREA 

• 15.7% DECREASE IN SLOW/FAST FIBER AREA RATIO 

• 9.3 % DECREASE IN SLOW FIBER PROPORTION 






















THE EFFECT OF SPACEFLIGHT ON OSTEOGENESIS AND DEKTINOGENESIS 

m ' l|I H II | lll>lll>l M I»I WW l l^l l im i W.IIJ III | l | | «l l l[ mm I I JL"IJIIi p 'l lilll^i»<»— » 

IN THE MANDIBLES OF RATS 

David J. Slffwons # Jean E* RussoK 

Washington University School of Medicine 
Depariffient of Surgery 
Division of Orthopedic Surgery 
St. Louis, Missouri 

Frank Winter 

Washington University School of Dental Medicine 
Department of Physiology 
St. Louls> Missouri 

Gary P. Rosenberg 

Indiana Unlverslty-Purdue University 
Department of Geology 

Indianapolis, Indiana 

# 

William V. Walker 

Washington University 
St. Louis, Missouri 


SUMMARY 

Rats flown for 18. 5d In the COSMOS 1129 Blosatelllte exhibited normal rates 
of dentinogenesis and osteogenesis In the body of the mandible during 0-G. 

The total calcium. Inorganic phosphorus and hydroxyprol I ne I evel s in the 
Jaws and I nc I sors of the flight rats were normal . Gravity density fraction- 
ation studies suggested, however, that spaceflight caused a delay In the 
normal maturation of bone mineral and matrix; normal va I ues were reestab 1 1 sh- 
ed by 6d postf I Ight. The teeth were spared. The circadian and u I trad I an 
patterns of dentin calcification were normal during spacef 1 1 ght and recovery 
per I ods, but the ename I rhythms di sp 1 ayed a greater amp I Itude of sulfur 
concentrations and thus abnormal cal cl urn: sulfur ratios only during exposure 
to 0-G. We conclude that the rat mandible and teeth do not suffer the defi- 
cits of bone formation common to weight-bearing parts of the skeleton during 
spacef 1 Ight. The only derangements detected at 0-G were in the quality of 
the matrix and mineral moieties. 
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INTRODUCTION 

Efforts to understand how prolonged spacefi Ight effects changes In calcium 
homeostasis and bone formation-resorption have been pursued In laboratory rats 
during thr©?! joint NASA-Soviet Blosatelllte Flights of l8.5-22d duration 
(COSMOS 782, 936, and 1129) (1-4). The appendicular weight bearing bones 
(tib las) suffered reduction In the rate of cortical bone growth and In femur 
bone strength . Quite unexplained was the fact that periosteal growth was 
diminished while endosteal growth rema I ned unchanged. Bone resorption rates 
(specific osteoclast surfaces) were relatively normal. The COSMOS 936 blo- 
satel I ite also included some animals ma I nta I ned in a centrifuge which pro- 
vided a IG environment, and their skeletons were spared the deleterious 
effects of null gravity on bone strength. Healing of the periosteal growth 
deficit and restoration of long bone mechanical strength was noted In the 
O-G group after a 25d post-f 1 1 ght recovery period In a Moscow vivarium. In 
the most recent COSMOS 1129 f I Ight(September-October 1979), there was an 
opportunity to examine the effect of null gravity on the Integrated growth 
and remodelling of a non-weight bearing bone — the mandible and Its teeth . 

How might O-G affect tissues In a skeletal element which Is only supplied 
with a large ant I gravity muscle(masseter)? 

MATERIALS AND METHODS 

Three groups of 5-7 SPF male rats(270-320g body weight) were Injected 
with 1.0 mg/kg body weight Declomy-5ln to mark forming and mineral Izing 
surfaces of bone and dentin, 3d prior to being loaded into block modules 
of 5 cages( singly housed) mounted In a modified Vostok spacecraft. The 
animals were then launched Into orbit for a period of 18. 5d. The part leu- 
, ■ , , , ■ , ■ ,, ■ ■ , ■ ■ , , ■ ■ ■ , ■ . „ 
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lar details of the flight and tetracycline labeling schedule have been 
described by WronskI jataiCS). Water was supplied ad-lib, and they wore 
fed lOg aliquots of a nutritionally defined paste diet four times per day. 
Control anlA)als were maintained In a land bound mock-up of the blosatelllte 
under nearly Identical conditions, and these were subjected to simulated 
stresses of launch and recovery. Additional groups of (unstressed) con- 
trol animals wore maintained In a Moscow vivarium. The control groups 
and one group of flight rats received a second and/or third Injection of 
Declomycln( I .Omg/kg) on the 6th and 27th days fo| lowing recovery, and they 
were sacrificed 48h later. The total number of groups of animals were as 
fol lows; 

Groups 

1 FI Ight Basal 

2 Synchronous Basal 

3 Vivarium Controls 

4 Synchronous Controls 

5 FI Ight Rats 

One group of 5 f 1 1 ght rats was used for analyses of circadian changes In 
(a) motor activity during the f 1 1 ght and recovery periods (6), and (b) the 
excretory patterns of Na^, K^, Ca^*, PO^ and hydroxyprol Ine(OH-Pr) (7) . 
These animals were subjected to a 180° Inversion of the light-dark cycle 
after lOd at 0-G to test their ability to ”resynchronlze” their metabolic 
patterns. However , during the postf I Ight test per lods at R+3, R+8 and 
R+26, the animals each spent 3d In metabolism cages and were fed six times 
per day rather than the usual 4 times per day. 

At autopsy, the mandibles were recovered, cleaned of soft tissues, and 
fixed In either 10 % or 95 % ethyl alcohol, for subsequent analysis of the 



growthCtetracycl Ine and matrlx-mlnoral maturation. 

Analysis of Growth 

The loft Jaw was divided Into 3 roglons— the premolar, molar and post- 
molar areas. The premolar and postmolar areas were embedded undecalcif led 
In methyl methacrylate and sectioned transversely on a high speed rotary 
saw at 50-60pm(Flg. 1). The molar region was sectioned In the frontal 
plane at lOpm on a Jung Microtome to reveal the roots of the molar teeth, 
and these sections were stained with the Go I dner Method to reveal mineralized 
bone and osteoid. All the sections were examined by UV microscopy to reveal 
the distribution of the tetracycline time markers. The mineralization rate 
(equal to the rates of apposltlonal bone growth and dentinogenesis) was 
estimated by measuring the distance between the tetracycline bands, and 
dividing that value by the time Interval (days) between Injection. Those 
measurements around the roots of the molar teeth, based on V I gnery and 
Baron’s model (8) , provided Information about the rate of tooth migration via 
resorption on the anterior surface and formation on the posterior surface 
of alveolar bone (see Tran Van Thuc et a I In this Report). In addition, 
they also measured the area of the periodontal 1 1 gament and the specific 
surfaces of bone undergoing format I on (osteob I ast-covered ) and resorption 
(osteoc I ast-covered ) with a Zeiss ocular grid. 

Dentinogenesis was estimated In the portion of the mandibular Incisor 
that lay within the diastema, where the dentin was thick enough to record 
a growth period of 1 9-21 d. When the tetracyc 1 1 ne labeling I nterva I s Were 
longer than 21 d, we used sections of the erupted portions of the teeth where 
the dentin had formed almost exclusively during the fl Ight period. 
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Matrlx-MlneraMzatlon Maturation Rate 


The Incisor was removed from the right Jaw and It was divided Into 3 
regions representing the distal region of tooth formation# the middle 
region of tooth maturation# and the coronal or erupted portlon(Flg. 2), The 
teeth sectors and Jaw bones were Individually frozen, ground to a 
powder, and separated by a bromoform-toluene density gradient Into 3 speci- 
fic gravity fractlonsl I .3-1 .9# 2.0-2. I# 2.2-2. 9), Which were analyzed for 
calclimi(Ca)# Inorganic phosphorusCPI )# and hydroxyprollne(OH-Pr). In the 
normal growing rat# most of the mineral and OH-Pr In bone and teeth are con« 
centrated In the highest gradient density fractlons(2.2-2.9). The less 
mature bone and tooth matrix-mineral Is distributed In fractions I. 3- 1.9 and 
2.0-2. I . Thus# these analyses recorded a maturatlonal profile for bone 
matrix and mineral (9). 

Circadian Changes In Dentin-Enamel Formation 

Polished slabs of the lower Incisors were scanned across the labial 
surface at continuous 1.0pm Intervals from the pulp to the enamel surface 
to measure the local variations In calcium# phosphorus and sulfur. Sulfur 
was used as an Index to the glycosamlnoglycans of dentin and tp the keratln- 
I Ike protein In enamel. A chlorapatIteUO) with a weight percent of Ca and 
PI of 53.09 and 41.00# respectively# served as the standard from which to 
calculate the Ca and P concentrations In the teeth. Figure 3 shows the 
track etched by the electron beam from a MAC-V microprobe (Monsanto Gorp.# 

St. Louis, Mo.); the diameter of' the beam was I .0pm. The data was refined 
by Fourier analysis to compute the norma 1 1 zed power spectra . The techniques 
used have been described by Rosenberg and Slmmons( 1 1-12), and they provide 


estlmatos of the repeatability of rhythms of Ca, P, and S concentrations that 
may be present owing to circadian, ultradlan, and Infradlan periodicities. 

RESULTS 

Dentinogenesis 

At the mandibular diastema, the average pref light rate of dentinogenesis 
was l7-l8pm/d(flg. 4), and this was unchanged during the flight and post- 
flight recovery perlodsIFlg. 5) In the vivarium and synchronous control 
groups. However, the rates of dentinogenesis Increased slightly during the 
recovery period In the control groups. 

Osteogenesis 

Body of the Mand I b I e ; No changes from the normal rate of osteogenesis was 
noted In the area of the mandibular diastema during spaceflight. The normal 
rate of growth of about 3-4pm/d was also maintained during the post-flight 
recovery period (Fig. 6). Growth In the groups of control animals proved 
to be the more variant, but genera I ly the data showed the anticipated reduc- 
tion In growth rates with age. I ntergroup variations were also absent In the 
ossification of the post-molar mandibular ramus. Periosteal growth along the 
superior and Inferior rami averaged 2-3^m/d, both during the f I Ight and 
postflight recovery perlods(Flg. 7) . 

These data suggested that spacef I Ight had no sign I f leant effect upon the 
appositions I growth of the body of the rat mandible. These results, then, 
stand In sharp contrast to the data presented by WronskI ^ alfS), that bone 
formation rates In the weight-bearing bones (appendicular skeleton) were 
depressed 30-605?. In fact, however, the jaw bones were not entirely normal. 
There were distinct changes In the rates of remodel Ing of the alveolar bone 
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around the roots of the molar teeth(see Tran Van Thuc In this Report) and 
In the maturatlonal status of the bone mineral and collagen of the mandi- 
bles which suggested that the rates of bone remodeling and bone maturation 
were reduced* 

Bone Maturation 

When the Jaws and each of the 3 regions of the lower Incisor were ana- 
lyzed for total Ca, PI and OH-Pr, we could not distinguish the flight from 
the control animals by any change In their hard tissue chemistry (Fig. 8). 

The Illustrations also include, for comparison, data from animals of the 
same age and sex which were fed Purina Laboratory block chow and tap water. 
The density gradient fractionation studies Indicated, however, that rat 
alveolar bone was di stinctly abnormal after spacef I Ight(Flgs. 9-11). In 
al I f 1 1 ght rats, there was a highly significant diminution of bone collagen 
and mineral moieties In the most dense mature fractlons(2.2-2.9), with a 
corresponding Increase In the least dense, most Immature fractions! 1.3-1 .9, 
2.0-2. 1 ) . The h I ghest density fractions of the f 1 1 ght rat bones had 30|{ 
less mineral and col lagen(OH-Pr) than the corresponding fractions from the 
contro I rat bone. These changes suggested that there was a distinct deficit 
In the f 1 1 ght animals — that there was a delay In the maturation of the 
col lagen( lack of Intramolecular cross I Inks?) and apatite mineral . Impor- 
tantly , these def Id end es tended to normalize after 6d at l-G, and they 
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were fully corrected during the postfl I ght recovery period of 29d(Flgs. 12- 
15). 

Similar changes were not apparent when the 3 regions of the teeth were 
analyzed(F|gs. 16-19) — suggesting that the teeth were highly conserved 


elements, I, e., vltaMy essential to^^ M Itself. 

Microradiographs of the growth surfaces of the bones(Flg, I) did not 
detect the mineral deficit associated with the period of* null gravity, but 
they did reveal alternating bands of high and low density In rat Incisor 
dentlnCFIg. 20). There were no obvious differences betv/een the flight and 
control rats In this regard. Given this difference In mineralization, an 
attempt Was made to define the bJorhythmjcal components of growth In the 
Incisor dentin and enamel, since It was possible that spaceflight Interfer- 
ed with the normal rhythmic behavior of the odontoblasts and ameloblasts. 

Blorhythmicity of Dentin and Enamel Formation (Electron microprobe) 

(A) Dent I n Format I on t Fourier analysis of data derived from continuous 
I.O^m traces with the electron microprobe from the pulp to the dentin-enamel 
Junction revealed that there were repeatable Ca, P, and S peaks at Intervals 
of about 5.0p\ during both the f I Ight and postf 1 1 ght recovery periods. 

Since labial dent I n was deposited at a rate of 20^m/d, these S.O^m perio- 
dicities must represent periods of format Ion /mineralization at times shor- 
ter than 24h(-ultradlan) , and multiples of this rhythm represented a cir- 
cadian time perlod(=24h) . Figure 21 shows that while the fluctuations in 

Ca and P were generally In-phase, the Ga and S concentrations were not 
always in-phase. The rhythms In the phosphorus concentration wore the most 
regular. The obvious Increase In the ampi Itude of Ca and S concentrations 
within 30.0pm of the pulp, 1 .e. , the dentin formed during the last 24-36h 
of the flight period, may signal a disturbance associated with reentry - 
recovery . 

(B) Enamel Formation ; In contrast to dentin, the analyses Indicated that 
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during exposure to 0-G, the concentration Of S was much less regular than 
either phosphorus or ca|c|vm>(Plg. 22). Wide variations In S concentration 
occur throughout the enamel In the flight group. These are absent l/A the 
vivarium controls, but they exist with a much lower amp I Itudeivs the flight 
group) In the synchronous controls. Nevertheless, even In the flight rats> 
the P concentrations exhibited persistent periodicities at 5,0pm Intervals 
during the f I Ight and recovery periods. If enamel Is deposited at a rate 
of IO-l5pm/d(l3), then the data speak to the persistence of a normal blo- 
rhythmlclty during spaceflight, Involving I circadian period and 3 ultra- 
dlan periods every 24h. Here too, the changes In Ca and P concentrations 
were usual ly In-phase, while the relationship between Ca and S was snore 
variable. 

Thus, these observations suggest that the enamel records a specific 
response to weightlessness during nul I gravity and that this Is superim- 
posed upon d I sturbances due to the 180° Inversion of the light-dark cycle 
lOd after ”1 ift-off,” I.e., at mid-enamel thickness. 

DISCUSSION 

There were few direct measurable effects of spacef I Ight In the mandible 
of the rat. This suggests that, as opposed to the long bones which are 
weight-bearing parts, the non-weight bearing skeletal elements would 
tend to be unaffected — even when supplied with powerful antigravity muscles. 
This was not surprising since the growth of the entire body of the rat man- 
dible must be coordinated with the production of the Incisor teeth which 
grow along a spiral axis. The lower Incisors must appose after eruption If 
the animal Is to continue eating and assure Its survival . While the apposi- 



tional growth of the body of the mandible Is relatively normal* We did 
detect changes In the maturation of bone collagen and mineral • Such 
changes. Involving a delay In the maturation of the col lagen and mineral 
fractions* Is typical of some other skeletal problems* such as the derange- 
ments In mineral metabolism common to uremlc(9) and rachitic rats (14), 

It was also notable that the rates of bone formation and resorption around 
the roots of the molar teeth were slightly reducedlsee Tran Van Thuc, this 
Report), This might occur It there were a fl Ight-related reduction In the 
maturation of the osteoprogenitor cell population to the osteoblast class* 
or In the generation of the monocytic-macrophagic cells which serve as the 
precursors of osteoclasts. Roberts(l5) noted that on the basis of nuclear J 
cytoplasmic volume ratios! large ratios being typical of the mature osteo- 
blast), there was a predominance of cells with a low volume ratio* I.e,* 
more than the normal number of pre-osteoprogenitor cells In the space 
around the roots of the maxillary molars. Thus, In the flight rats, there 
seems to be a deficit of cell maturation, and this may have been due to 
some alterations In blood corticosteroid levels and/or parathyroid gland 
functlon(or end-organ response) during spaceflight. 

Cann’s estimates of whole body fecal and urinary calcium losses during 
spacef I lght( 16) complement the h I stomorphometr I c assessment of the skeletons 
which s I gna I the significantly reduced rates of bone formation and resorption 
However, the h I stomorp hornet ry Indicates that these processes had been un- 
coupled, such that there Is a residual component of bone resorption (00/i of 
norma I ) which exceeds the rate of bone formation during flight. While the 
weight-bear I ng long bones (5) and the vertebrae ( 17) seem to be the most 


pointedly affected skeletal parts, an altered state of mineral metabolism 
certainly existed In the Jaw bone. The aberrant picture of cell pro I Ifer- 
atlon kinetics Is apparently not I Imited to bone. Lymphocytes from crew- 
members of Soyuz 6, 7,8, Skytab 2, 3, 4 find Apollo-Soyuz suffered failure 
of cell prol Iferatlon/maturatlon when challenged with mitogens! 1 8). 

While there appears to be little soft tissue evidence that spaceflight 
Is chronical ly stressful ( 19), the hard tissue evidence Is such that one must 
presume some degree of disturbance. Incisor enamel recorded widely f I uctua- 
tlng amplitudes of S concentration throughout Its thickness. Tigran Ian and 
his coworkers (20) have emphasized the presence of stress at the time of re- 
entry and recovery of the spacecraft( Increased concentrations of circulating 
catecholamines, corticosterone and thyrotrophic hormone), and It Is Inviting 
to view the Irregular patterns of Ca and S concentration In the dentin formed 
during this time In this I Ight. The failure of bone and tooth cells to 
properly "process” the matrix and Its mineral may be related to Matthew's 
demonstration of abnormal accumulations of mineral In ep I physea I plate 
chondrocytes (see Supplemental Report 3 b). In other states of altered miner- 
al metabolism, "extracel I ular lakes” of m I nera I have been described around 
osteocytes(2l ) . 

. Our finding that stable or relatively stable biorhythms of calcium, phos- 
phorus and sulfur persist In the dentin and enamel of the lower Incisor 
during the spacef I Ight and recovery periods, despite the reversal of the 1 1 ght- 
dark cycles midway through the f 1 1 ght period, attests to the conservative 
nature of the teeth. The (motor) activity rhythm was also normal during 
spaceflight, but the rhythms of electrolyte and Ca, P, and OH-Pr excretion (7) 
and actlvlty(6) were disturbed during the recovery period at l-G. These 




disturbances may relate more to alterations I 0 paging and the feeding 
schedules upon which the regularity of the tooth Oa and P rhythms are 
highly dependent (22-26) than to any stress imposed by spaceflight, reentry, 
and recovery of the blosatelllte. Rosenberg and Slmmons( 11,12) have re- 
viewed the many evidences supporting the concept that the feeding sche- 
dule and resultant occlusal stress dictate the blorhythmicity of dentino- 
genesis. 

I n toto , the data we have presented suggest that the non-weight bearing 
bones of the skeleton will not escape the deleterious effects of space- 
flight, but It Is, rather, the quality of the bone which Is Impaired rather 
than the actual volume of the tissue or Its mineral iJjat Ion status (-weight JJ). 
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The mandible of an SPF rat, showing mlcroradlographs of transverse 
and frontal sections through the molar and postmolar regions. 

A|» region of the diastema, transversely 
sectioned to obtain tetracycline growth 
data. 


^2* region of the diastema used for electron 
microprobe analyses of Ca, P, and S 
concentration and blorhythmicity 

B= molar region 

C* postmolar region, treated as A. 
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Figure 5 


Calcification rates of dentin in the region of the mandibular diastema In rats 
during the Pref light, Flight and Postf light Recovery Periods. 
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Figure 6 


Calcification rates of bone In the region of the mandibular diastema In rats 
during the Preflight, Flight and FVjstf light Recovery Periods. 
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Calcification rates of bone In the postmolar superior and Inferior rami of 
the rat mandible during the Preflight, Flight, and Postf light Recovery Periods. 
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Figure 8 


Total mineral and hydroxyproline content of alveolar bone of rats sacrificed 
Immediately after an 18. 5d spaceflight. 
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The distribution of collagen hydroxyprol Ine In density gradlent(speclf Ic 
gravity) fractions of 1 le alveolar bone of rats sacrificed Immediately after 
spaceflight vs that in several control groups. 
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Figur e 10 

The distribution of calcium In specific gravity fractions of the alveolar 
bone of rats sacrificed Immediately after spaceflight vs that In several 
control groups. 
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F I gure 1 1 

The distribution of Inorganic phosphorus In specific gravity fractions of 
the alveolar bone of rats sacrificed Imnedlately after spaceflight vs that 
In several control groups. 


Totoi Minerol ond Hydronypraiine Content 
of Rot Aiveoior Bone 



CALCIUM PHOSPHATE OHPWOUNC 

(Co) (Pi) 


- 30 

- 20 


HO 


I 

8 

E 

9 

V, 

I 

I 

E 


Figure 12 

Total mineral and hydroxyprol Ine content of alveolar bone of rats flown In 
space for 18. 5d and sacrificed after a 29d recovery period at l-G. 
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Figure 1 3 

The distribution of hydroxyprol Ine In specific gravity fractions of the 
alveolar bone of rats flown In space for I8.5d and sacrificed after a 29d 
recovery period at l-G. 
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Figure 14 

The distribution of calcium In specific gravity fractions of thu alveolar 
bone of rets flown In space for I8.5d and sacrificed after a 29d recovery 
period at l-G. 




The distribution of Inorganic phosphorus In specific Total mineral and hydroxyprol Ine 

gravity fractions of the alveolar bones of rats content of the rat lower Incisor In 

flown In space for 18. 5d and sacrificed after a 29d animals sacrificed Immediately after 

recovery period at l-G. an 18. 5d exposure to 0-G. 
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Mlcroradlograph showing a cross section of a lower Incisor and 
Investing bone In the region of the diastema of the mandible of 
a rat exposed to I8.5d at 0-G. The appearance of the tissues 
Is normal. Note the alternating bands of highly and lowly 
mineralized dentin laminae. 
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Figure 21 

Recomb inat I ons(st)m of al l harmonics with a periods 4.5|im) of raw 
data for phosphojfj’us, calcium and sulfur distribution In electron 
microprobe travef-sesCl.Oum Intervals) across the labial surface of 
rat dentin. (Rat IF- I) 
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Figure 22 

Redoinb I nations (sum of all harmonics With a period < 4.5ym) of 
raw data for phosphorus* calcium and sulfur distribution In 
electron microprobe traverses! I.Oym Intervals) across rat 
enamel in the region of the mandibu I an diastema. 


V 


N81-32840 



K 310 

The Effect of Space Flight on Osteogenesis and Dentinogenesis 

In the Mandible of Rats 

Supplement 1: The Effects o£ Space Flight on Alveolar Done 
Modeling and Remodeling In the Rat Mandible 

P, Tran Van, A, Vlgnery and R. Daron 
Departments of Internal Medicine and Cell Biology 
Yale University School of Medicine 
333 Cedar Street 

New Haven, Connecticut 06510 U.S.A. 


SUMMARY 

The hlstomorphometrlc study of alveolar bone, a non-weight-beat ing bone 
submitted mainly to the mechanical stimulations of mastication, showed that 
space flight decreases the remodeling activity but does not Induce a negative 
balance between resorption and formation. The most dramatic effect of space 
flight has been observed along the periosteal surface, and especially in areas 
not contiguous with (covered with) masticatory muscles, where bone formation 
almost Stopped completely during the flight period. This bone being submitted 
to the same mechanical forces in the flight animals and the controls (synchronous 
and vivarium) it is concluded that factors other than mechanical loading might 
be involved in the decreased bone formation during space flight. 
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INTRODUCTION 





Metabolic studies o£ the Skylab astronauts during space lllglit concluded 
that there had been a significant Increase In urinary calcium (1) similar fo 
the observations made during bed rest immobilization. In thU rat ;jaw bonci 
the highest density fraction In the flight rat had 30t less mineral and 
hydroxyproline (collagen) than the corresponding fraction In the control rat 
(2). Such data suggested a failure of bone mineral maturation, Mleroscoplc 
examination of the long bones of male Nlstar rats after about 20 flays in 
space showed that the bone formation rate decreased about 40^ compared with 
the control’s (3). A decreased amount of trabecular bone near the cartilagi- 
nous growth plate was also noticed In space flight rats (4) , 

Following this Information about bone loss and the lack of bone formation, 
our study has been concentrated on the dynamic his tomorphometry technique de- 
scribed by Frost (5) and applied to the alveolar bone (6) to determine the 
extent and duration of each phase of the bone remodeling sequence, the mean 
calcification rate and the amount of bone mineralized per day. In the rat, 
alveolar bone remodeling Is associated with the continuous drift Of the teeth 
throughout the life of the animal (6,7). As the tooth drifts, there is one 
side of the socket which is in continuous bone formation (modeling side) and 
the opposite side shows alternative bone resorption and formation within small 
foci (remodeling side) (6). This model has already been used to study the 
cellular kinetics (7), function and origin of the bone cells (8,9) as well as 
the effects of calcitonin (10), parathyroid hormone (8,11) , and the short 
and long term effects of occlusal hypof unction (12,13) on bone modeling and 
remodeling. 

Under space flight conditions, and assuming the animals are eating nor- 
mally, this bone Should be subjected to only very slightly different mechanical 


condltlone Which should not Induce marked changes In bone remodeling if all 
other metabolic conditions are unchanged. On the other hand* i£ the changes 
observed by others in long bones (3) are due totally or in part to systemic 
changes, the alveolar bone remodeling should also be affected, and even more 
markedly considering its very high normal turnover rate (14). 

MATERIALS AND METHODS 

For a description of the experimental protocol and of the group of animals, 
refer to Cosmos 1129 experimental protocol. Our own procedure follows: The 

molar area was dissected out of the right lower Jaws, fixed in alcohol 40% at 
4°G, dehydrated in graded alcohol 70%, 90%, 100%, and embedded in methyl- 
methacrylate without decalcification. Horizontal sections, 4 microns thick, 
were prepared with a Jung K Microtome from the cervix to the apex of the root. 
One section out of every five in the middle part of the buccal root of the 
first molar was stained with Toluidine blue, pH 2.8. One section out of every 
five of these sections was prepared at a thickness of 8 microns, for fluorescent 
microscopic analysis. All measurements were made on the socket of the buccal 
root of the first molar. 

The cellular measurements ■were made on four stained sections, using a 
Plaolmeter (MOP 3, Carl Zeiss, Gerraany), at 400 X magnification on a magnetic 
table. The following parameters were recorded: 

- Active resorption surface: interface between osteoclasts and bone. 

- Reversal lacunae: extent of Howship * s lacunae without os teoclas ts and 
without osteoid tissue, lined With mononucleated cells. 

- Remodeling formation: extent of lacunae lined with osteoid tissue 
along the remodeling side. 


- Resting area or inactive surface: the bone surface covered neither by 
osteoclasts» nor osteoid tissue, nor Howshlp's lacunae. 

" Number of osteoclastB on-bone and. their number of nuclei. 

- Number of osteoclasts off-bone and their number of nuclei. 

- Osteoid thickness on the modeling slde« 

Fluorescent label : Measurements of tetracycline labelings were made on 

4 X 5 Inch black and white Polaroid micrographs taken on a Unlvar microscope 
(Reichert, Austria) equipped with eplfluorescence at 250 X magnification, 

Four sections 8 microns thick were measured on a magnetic table (MOF 3, Carl 
Zeiss, Geimany) and the follpwlng parameters were recorded: 

— The mean calcification rate per day. 

- The volume of bone calcified per day. 

- The bone porosity. 

- The length of the modeling side. 

- The length of the remodeling side. 

- The volume of the periodontal ligament on the modeling side, 

- The volume of the periodontal ligament on the remodeling side . 

- The width of the periodontal ligament on the modeling side, 

- The width of the periodontal ligament on the remodeling side. 

All data are expressed In both relative values (Z), absolute values (mm, 

2 3 

mm , mm ) and standard deviation of the mean calculated. 

In addition, the mean calcification rate was also measured on the petl- 
osteum along the buccal surface of the mandible at 3 different sites, 2 of 
them In areas where the masticatory muscles are contiguous with the periosteum 
(m 2 and m^) and one area where the periosteum Is covered dnly by the gingival 
epithelium (m^) , 
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RESULTS 


A. Alveolar bone remodeling 

1. Preflight group (SB and FB. Table 1 ) 

The comparison of the preflight groups did not show any significant dif- 
ferences In the calcification rate and the total amount of bone calcified per 
day. There was, however, a significant Increase in the number of osteoclasts 
and the extent of the resorblng surface (p < O.02) and a decrease In the 

thickness of the osteoid seam along the modeling side (p < 0.01) In the FB 

group. These changes can be attributed to the stress of the training periods 

2. Groups IV. IS and IF (Table II. Fip.ures 1. 2. 3 ) 

The only change observed between the IS and IF group (flight effect) was 
a nearly significant decrease, in the mean calcification rate (0.10 > p > 0.05) 
When compared to the vivarium animals (IV), this difference became clearly 
significant (p < 0.05). Concomitantly, a slight but not significant decrease 
was observed in all the resorption parameters In the space flight group of 
animals, 

3. Postflight groups 

a. Group 2S. 2V and 2F (Table III ) 

The tendencies observed in the previous groups of animals are maintained 
here. The only difference between the $ and F group is a nearly significant 
(0,10 > p > 0.05) decrease in the mean calcification rate. 

When comparing the F and V animals, this difference became significant 
(p < 0,05) ; moreover, other concomitant changes became significant: In the F 
group there was an increased resting surface (p< 0.05), an increased extent 
of labels on the modeling side (p < 0.02) and a markedly decreased thickness 
of the osteoid seam on the modeling side of the socket (p <0.01), AJJ, these 
changes clearly indicate a decrease in the rate of the drift of the teeth in 
the flight group. ^ ^ 


b* Groupa 4S. 4V 4nd 4F (Table IV ) 

Although the aame tendenclca were observed between the groups S and F, 
they were not significant* Only one unexplained significant decrease (p < 

0.05) was observed In the osteoid surface of the remodeling side In the flight 
group. When comparing the F group to the V animals* the same differences were 
observed as previously In the groups 2; a decrease In the mean calcification 
rate (p < 0.02) and the amount of bone calcified per day (p < 0.01) as well 
as an Increase In the osteoid thickness on the modeling side (p < 0.05) In the 
flight group. Altogether these results Indicate a slower drift of the teeth 
In the postfllght period as well as during the flight period Itself. 

When taking all these results Into consideration (Fig. 4) It Is possible 
to show a progressive decrease in the calcification rate as a function of age 
In the controi animals. I'he synchronous group showed the same tendency but 
with a slower* although not significant* rate than the vlvarluin animals. The 
animals subjected to the flight showed a nearly or fully significant slower • 
calcification rate than the synchronous or vivarium animals. However* these 
changes were not associated with any changes In periodontal ligament thick- 
ness and/or Increased porosity of the alveolar bone* therefore Indicating 
that they were due to a decrease In the speed of tooth drift (and consequently 
turnover rate or vice versa) and not to an Imbalanced or abnormal bone forma- 
tion per se, 

B. Periosteal bone formation (Tables V and VI. Figure 5) 

No differences were noted In the average calcification, rate between the 
3 areas that have been measured In tho vlvariiumi and/or syhjchronous groups . 

On the other hand, when the animals Subjected to the space flight are taken 

Into Consideration, a very slghlflcant difference Is observed between zones 
covered and not covered by muscles. Although the flight group shows a slg- 


niflcant decrease In bone calcification rate this effect Is especially dramatic 
along the periosteal area not covered by muscle. 

The recovery period showed the same trends as along the alveolat aocket^ 
bone formation along the periosteum was still very significantly lower than 
control during the first 6 days after the flights hut then returned to nornal 
values . 

DISCUSSION 

The hypothesis which had to be tested In this study was that the changes 
In bone formation observed along the periosteum of space flight rat long bones 
(3) were essentially due to the lack of velght-beaclng mechanical stimulation 
and not to a systemic factor. Alveolar bone remodeling was the Ideal area of 
the skeleton in which to test this hypothesis because one would assume that 
weightlessness would have minimal effects in this non-weight-bearing bone upon 
which comparatively enormous mechanical pressures are exerted during the masti- 
catory function. In addition, the existence of very accurately balanced bone 
modeling and remodeling activities associated with the physiological drift of 
the teeth, as well as of a very high turnover rate, make this hone very sensitive 
to slight and/or short term changes (14). 

The results obtained in the present study showed the absence of effects of 
space flight upon the balance between bone formation and resorption in a bone 
where most of the mdchanlcal stimulations have been maintained throughout the 
experiment. There was, however, a slight but constant decrease in the alveolar 
bone turnover rate. This decreased remodeling activity, although present in 
the synchtonous groups of animals, living on earth under the exact space flight 
conditions bet without weightlessness, was significantly lower In the Space 
flight animals, even after a three week recovery period. It is not possible 
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t0 know If these changes were due to the slight difference In mechanical stimu- 
lation one would expect even In the jaws, or to a change In systemic factors. 

In terms of bone remodeling activity, our results Indicated a decrease In 
the birth rate of new Basic Multicellular Units (BMU) at the tissue level rather 
than an abnormal activity at the BMU or the cellular levels. Although the 
latter cannot be ruled out, there was, however, a good balance and a good 
coupling between resorption aad formation. The changes observed by Roberts 
in the same animals (15) > and suggesting a lack of conversion from osteopro- 
genitor cells to mature osteoblasts In the periodontal ligament facing the 
modeling side of the sOcketSi Is therefore very likely due to a slowdown of 
the whole turnover rate and the physiological drift of the teeth, rather than 
to a primary defect in cell differentiation. However, the lack of recovery 
in the two postf light groups remains troublesome in this respect. As a matter 
of fact, both Roberts (15) and Morey and Baylink (3) studies indicated that 
the osteoblastic differentiation and activity returned to normal levels rapidly 
during the postf light periods. This discrepancy remains to be explained. 

Of major interest are the results obtained along the periosteal surface 
of the alveolar bone. We observed at this site, like at all other sites in 
the skeleton and along the bone formation side of the tooth socket, a decrease 
in the average calcification rate In the flight group, despite a maintenance 
of mechanical stimulation, However, this decrease in bone formation was ex- 
tremely dramatic in areas not contiguous with muscle and only moderate in 
areas contiguous with muscles. In both areas, it is possible to assume that 
the mechanical conditions, largely dominated by the masticatory function, are 
comparable in the flight and synchronous groups. Such local variations in 
the effects of space flight have never been mentioned before. Further studies 


would be neceiBaicy to find out whetbot this differential decrease in the bone 
formation rate during space flight la the result of a combination of local and 
systemic factors, either endogenous or environmental. One Is, however , driven 
to the conclusion that a factor other then mechanical loading Is responsible 
for both the decreased tui^over along the alveolar sockets and the decreased 
formation at the periosteal surface, marked differences being observed In this 
study between bones essentially sublectod to the same mechanical conditions 
(synchronous vs. flight groups). 

In conclusion, the alveolar bone remodeling rate, although decreased by 
the simulated space flight (synchronous controls), Was significantly lower In 
the actual space flight groupa* However, the balance between resorption and 
formation was not modified In this nQn'*welght-bearlng and still mechanically 
stimulated bone, excluding the existence of a systemic factor able to explain 
the otherwise observed osteopenia in welght'’bearlng bones. 
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FIGURE LEGENDS 

I ; V ' 

Figures 1, 2 and 3 

Buccal root of the first molar. Horizontal section X 100. Fluorescent labels. 
8 \m thick section. 

The left side of the socket , the modeling side (M) where continuous bone forma- 
tion occurs Is labeled (arrows) while the remodeling side (R) is not 
labeled. 

Note a slight decrease In the amount of bone formed on the modeling side from 
the groups IV (Fig. 1) to the group IS (Fig, 2) and the group IF (Fig. 3). 

Figure 4 

Effect of space flight on the calcification rate on the modeling side of the 
alveolar socket (a: p < 0.05 vs. S; b: p < 0.05 vs. V). 

Figure 5 

Effect of Space flight on the calcification rate on the periosteal surface of 
the molar area (c: p < 0.001 vs. S) . 
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EXPERIMENT K-313: RAT AND QUAIL ONTOGENESIS 

J. Richard Keefe »Ph»D. 

BioSpace Incorporated 

SUMMARY 

The flight of CoamoB 1129 attempted to provide Inf or- 
natlon with respect to potential effects of Spaceflight 
upon the processes of mammalian fertlllzatloni implantation 
and embryonic development# Five female and two male Wistar- 
derlved SPF rats were placed together on Day 2 of the 18. 5 
day flight In e common breeding chamber# Upon recovery • the 
animals were weighed, housed separately and observed 
for progressive pregnancy. By R+17, it was determined that 
both flight and synchronous females were not carrying 
normal pregnancies and three of the flight animals were 
laparotomlzed. The uterus and ovaries were processed for 
microscopic analyses^ The two remaining flight females were 
allowed to recover from the exploratory operation, rebred 
with flight males and delivered normal litters. 

As a control for potential transplacental effects that 
might be interpreted as direct Spaceflight effects, a 
series of fertilized Japanese Quail (Coturnlxjaponica) 
eggs was flown on Cosmos 1129. Although all of the eggs 
were adversely Impacted by an Inflight failure of the 
Incubator humidifier on flight Day 13, Beveral embryos were 
able to progress to a deyelopmentai stage equivalent to 
that of a control 10“12Dsys®bryo. 


INTRODUCTION 



The studies of potential spaceflight effects upon 
biological systems have been restricted among mammals to 
adult males* Until the flight of Cosmos 1129, only tvo 
female mammals had spent appreciable time In space ~ the 
Soviet Cosmonaut Valentina Tereshkova and one experimental 
Perognathus on Apollo 17. 

Previous studies of vertebrate embryonic development 
during spaceflight have been limited to non-mammalian 
species with particular attention to fish and amphibian 
eggs which require little In the way of special llfe- 
-support systems. 

In the only known spaceflight experiment Involving 
a 1 1 em p t ed f e r 1 1 1 1 z a t lo n In a v e r t eb r a t e species, Co wo r ke r s 
of the Institute of General Genetics, USSR Academy of 
Sciences” sent four guppies (six month old females after 
the second spawning) on Kosmos 782. Two of the animals were 
exposed to null gravity and two to the onboard gravity 
control (0.6 G on the centrifuge) package on this 19.5 day 
mission. The unnamed Soviet Investigators concluded^ 
”Evldently> some flight factors Inhibit the fertilization 
of oocytes. ”, since they were unable to obtain evidence for 
fertilization during the flight period in this rather 
restricted experiment (1)* 


Studies on the development of Atbscls (Gemini 111) and 
Rina plplenB (Gemini Vlll/Bloaatellltc 11) by Young, Tremor 
and coworkers have been reBtrlcted to ground-based 
fertilization of eggs with the earliest flight exposure 
commencing during second cleaVage> Although brief In time 
of spaceflight exposure, these Btudles Clearly demonstrated 
that differentiation to hstchlng In Rana Is NOT a/persely 
affected by Spaceflight factors (2)< 

On three separate flights, Seheld and coworkers flew 
over 1400 developing embryos of Fund^ilus heteroclltus 
(Skylab 3, ASTP and Kosmos 782). Due to preflight loading 
restrictions, all of these embryos were at the mld-gastrula 
stage or later at the time of lift-off. In each of these 
experiments » embryogenesls continued at a ellghtly elevated 
level, yielding normal hatchlings (3,4). 

All of these embryologlcal studies have demonstrated 
the absence of any significant spaceflight effects upon 
early-mid developmental stagesi In several of these 
studies, the embryos have proceded through the time of 
hatching and have yielded a normal to slightly Improved 
hatoh rate and normal ratio. 

Two principal problemB of embryonic development remain 
to be studied under conditions of Spaceflight. 

1. The process ftf egg fertilization and the Initial 
stages of em br yoge ne sl s have uo t b een sue ces sf ul ly s t ud led 
during spaceflight. 
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2> The effectM of fght: upon Che pcoceeeee of 

■eniBellan fertllisation» Inpf antaclon» placencacion ^ 
entbryogeneoti and fuXl feCal developnent have not been 
a Cud led • 

The abaence of an effect of apacefllght upon the nocnaX 
embryoXoglcaX deveXopBOnt of f i:ee''f Xoating aquatic egga 
should not be extended to the more coBpXlcated nammaXlan 
species* In the nanBallan systeoi one Bust consider not onXy 
the DIRECT effects of spacef light upon the developing 
eabryo but Bust aXso consider the possible INDIRECT 
spaceflight effects htought about by the alterations In 
maternal physiology Induced by null’^gtavlty • Assuming that 
the female mammal will display the same set of alterations 
that have been degionstrated In the spaceflown male mammal , 
then the alterations In the endocrine, electrolyte, 
cardiovascular and musculo-skeletal systems could produce 
an INDIRECT effect of spaceflight upon the developing 
embryo/fetus by acting across the plBcenta* Any spaceflight 
experiment designed to study the processes of mammalian 
embryogenesla iBUst take the potential Indirect effects of 
null-gravity and stress acting across the placenta Into the 
design philosophy. ^ 

The Prirtclpal Object Ives of the K-313 Experiment flown 
on the COSMOS 1129 Flight were: 

1^^^ To determine the capability of a selected 

Mammalian species to undertake reproductive 
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proc«ttet, including copulitiQiii ftttilisation 
inplantatlon^ placeniation and eattvyosanaiia 
during Spaceflight expoeure* 

To ieparate potential apaceflight factora froa 
indicect factore due to aatert Al •treae* 

To deaonatrate the capabtllty of Avian eebcyoa 
to carry-out noraal eabryogeneaia during 
apaceflightf 



EXPERIHEHTAt DESIGN 


The K-313 eicperlneht: Va« orlgii|«xiy dafigiied to provide 
pregnant feaaie rata at the conclualon of the flight* Theae 
rata were to be terminated on a ached ul# providing at leaat 
two aeta of embryoa that had been conceived and undetgo,ic, 
embcyogeneala undet condltiona bf welghtleaaneaa* The 
remaining pregnancies were to be allowed to go to tetBl 
delivery to determine poaslble effecta of readaptatlon* 

The Coturnlx (Quail) component Of K-313 w.ould have provided 
a conparlaon of direct Vs Indirect ( tranaplacental) space- 
flight effecta as well as providing a basic understanding 
of the ability of the Avian species to tolerate Null 
Gravity exposure during embryogenesls* 

Both flight and Bynchronous rat groups Were provided a 
dual chambered breeding cage constructed from a modified 
Cosmos Bloblock (Figure 1 )« The males were housed In a 
separate area from FD-3 (3 days preflight) to FD-f2 at which 
time the separator was opened and mingling allowed* A 
total of eight feeding stations were provided for adminis- 
tration of the flight paste diet* adlib water and activity 
monitoring* The lid of the breeding cage Was perforated to 
enhance the airflow waste-handling system* 

and eynchronous rats were to be placed upon 
the flight paste diet for acclimation at FD-IO (55 gras/rat 
once/day)* At FD-3 five females were to be loaded Into the 


iarge coaparfcacni; and tvo nalaa the aaaXler coapart-' 

■ent of the hraiding chaaber (flgura 1 ). ?roa FD-3 to tha 
tlae of tacovaryi diot via to be adainlatered at ("hour 
Intervala An the quantity of 55 gaa diet/rat/day. Water 
vaa to be ayallable adllbitua. At recovery, the anlaala 
Were to be velghedi vlaually, inapected for pregnancy, and 
houaed indlyldualAy for tranaportatlon to and aaintenance 
in the Moacow laboratorlea* All rata vere to continue upon 
the paate dflet through parturition* 

The incubator deaigned for maintaining the Coturnlr 
eggs during flight la llluatrated In Figure 2 and con** 
elated of lo inaulated chamber auapended by heavy-duty 
elaatlc ahock corda from the mounting frameVork* Within 
the Incubator chamber, the egga were held between two 
perforated rubber atrlpa which were matched to machined 
groovea on the Inner and outer steel rlnga* The ateel rings 
could be slightly adjusted to accomodate a minor vari- 
ability In egg size* The five egg rlnga, each bearing 12 
eggs, were capable of being rotated within the incubator 
houalng thereby providing for a '’turning” of the eggs 
before flight and throughout the aynchronoua control* Each 
egg was numbered and Its poaltlon Identified within the 
Incubator by ring and position number. 

The airflow within the tneubator waa from the core 
through the egg rlnga , with ref ^*^" Alung the outside of 
the rlnga* Proylalona for maintaining a temperature of 37 C 


and a ralaCiva hunldlty of 70-75 X wara ptovldad by tha 
aourca and ■onltora nountad In fcha cora probe unltr 


Xh« QuniJ. conponant of K-313 waa to hava ptoyidad tha 
foXlovlns aata of paranetera: 

t. Loading of 60 fertlllaad Coturnlx egga Into tha 
egg ringa of tha flight incubator at Fl>’^3 with tha 
inpoaition of a controlled rate of rotation of tha 
egg tinga to aimulate a alow continuoua egg rotation 
disring the preflight atorage tine. 

2> Inflight rotation waa not deemed heceaaary due 
to the lack of a gravitational effect bn the egga* 
Preflight and inflight egg atorage teBperaturea 
could not be reduced below the cabin aBbieht of 
20-25 C* 

4i Inflight activation of the incubj^tor Waa to be on 
FD4-7 with the incubator to eatabliah and Baintaln 
conditiOna of 37 C and 70X RH. 

S> The SynchronouB control Incubator Waa to provide 
a cbntinuoua rate of egg ring rotation to aimulate 
the nullification of the gravity vector (ainilar to 
that obBerved in the operation of a Ciinoatat)> 


MATERIALS AND METHODS 

RATS: All rat* were derived from the C*echoilov«kl«n Inatitute 
of Sciences at Bratlalaya and were of a Wlstar-der Ived SPF 
atrain. All rats were born July 1=^5 and weighed 234-300 g 
at the time of Flight experlnent Initiation. 

QUAIt: Fertilized Japanese quail (Coturnlx japonlca) eggs were 
Batched for size to fit the Incubator egg rings (Figure 2) 
and stored for 5 days at 22 C. At T^3 the egg rings were 
loaded With 12 eggs/ ring and five rings mounted Into the 
flight Incubator which was loaded Into the Cosaos craft. 
SACRIFICE SCHEDULE: 

RATS: Depending upon the nuDber of pregnant female rats 
recovered, alternative sampling of the litters was established 
with priorities as follows: 

PRIORITY 1: Postnatal Day zero sacrifice at birth. 
PRIORITY 2: 10 Week Postnatal. 
priority 3: 14 and 28 Days Postnatal. 

PRIORITY 4: 5-7 Days Postnatal. 

(Number pups/ time dependent upon number and size of litters). 
Remaining pups were to be raised to sexual maturity for 
ahalysls of reproductive functions. 

QUAIL: The flight load of 60 eggs was assumed to show 
50 1 viability with recovery site candling of eggs to be 
Utilized to confirm this assumption. The sacrifice schedule 
■■wa.s as. . follows : ' 
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1. R-0 (Day 12 embryos) - feven Bacriflce at recovery. 

2. R4-5 - R+7 seven Bacriflced at time of hatch. 

Remaining live hatched quail were to be retained through 

Bexual maturity to determine suitability for postflight 

* 

breeding and normalcy of second generation. 

Sacrifice was to be by decapitation with both the Rat 
and Quail heads to be Immediately immersed in a ten-fold 
volume of Biostabilizer Fluid (see below) at 4 C. Samples 
were to be stored and transported in the Biostabilizer fluid 
to the U. S. laboratory for subsequent preparative steps. 

BIOSTABILIZER FLUID: The compositloh and make-up of the 
Biostabilizer fluid was as follows: 

20.0 cc 8% Glutaraldehyde ( pH 5. O/sealed under Nitrogen) 

20. 0 cc 8% Faraf ormaldehyde (freshly prepared) 

2.0 cc Dimethyl sulfoxide 

42.8 cc 0. I M Cacodylate buf fer , pH 7. 4 (see below) 

10.0 cc 10% Acrolein solution 

Preparation of the buffer solution: 3. 198 gms of Sodium 
cScodylate was dissolved In 100 cc of glass distilled water. 

The pH was adjusted to 7.4 with 0. 1 N HCl and the solution 
was diluted to a final volume of 200 cc. 

Upon arrival in the U. S. laboratory, each head was blssected 
in the mid- line and t^ halves divided further into 

three portions as follows; 

LEFt/RICHT ANTERIOR: From tip of snout through middle 
■ of the eye. V- ' 


LEFf/ RIGHT HID-PORTION: Middle of eye to behind the ear. 
LEFT/ RIGHT POSTERIOR: Containing cercbeilua and teapoto”' 
aahdibuiat joint and btainiten/neck> 

Each portion of tlaaue vai either poatatabilized in 
Oanlua tetroxlde solution (. 1 % in Cacodylate buffer) for 
thtee hours or ttansferred direotly to the dehydration steps. 
Dehydration was in ascending concentrations of Ethanol 
followed by intcralsclng with Propylene Oxide and eabeddlng 
in either Araldite 502 or JB-A Blxtures. SectiOne were cut 
at 1 to 5 aicra with glass knives, aounted in serial sequence 
upon thinly albuaenlsed glass slidee and stained for light 
microscopy With 0. 25X Azure II In 0. 5X Borax at 60 C for 3 Bins. 

Sections for electron Blcroscopy were cut from selected 
block areas utilizing an LKB UltratOBe equipped with a 
diaBond knife. The 80 - 100 sections were collected upon 
75 X 300 nesh gtids and stained With a combination Lead citrate 
Uranyl nitrate preparation prior to study with either a 
Sienens Elmskop I or a Philips 300 electron microscope. 






PREFLIGHT STUDIES 


WISTAR-SPF RATS: 

To proyide staged reference saiapleS of embryos and pups 
female Wlstar-SPF rats were singly-placed with males and 
examined the following inornlng for vaginal plugs. The day 
of plug observation was termed ErabryOnlc day I with 
conception arbitrarily assigned to 12v00 midnight. The 

females were shipped from the Plttsbutg breeding facility 
to Cleveland by air on embryonic day 7 and tolerated the 
trip (no losses) well (truck to airport » two hour plane 
trip, truck to lab) for a total travel time of 6. 5 hours on 
gestation day 8. Animals were singly housed, fed Purina Lab 
Chow adlib and maintained on a 12/12 (0800-200Q) light 
cycle. Sample animals were sacrificed on Embryonic days 10, 
12 , 14 , 16 and 18 while all term animals delivered normal 
litters (13 litters averaging 12. 6 pups/ Utter) . Eye 
opening In the neonates was on postnatal days 13 to 15. 
Samples from each set of embryo s/fetuses were fixed in 
BoulnB> 10% neutral buffered formalin (MBF) or Biostabll- 
izer and processed for serial section/light microscopic 
studies to determine developmental correlates between 
peripheral vestibular structures and retinal development as 
well as to establish a staged series of specimens in each 
of three standard planes*^^^^^^ 


A serlei of preflight Ce»t$ were cerrled out to 
deterBlne any poeslble deleterious effecte of crsiiped 
housing and USSR paste diet on the breeding of Csech 
Wistar-der Ivcd SPF rats* The tests included a aock-flight 
slBUlatlon in which 3 females and a male were housed for an 
18-wday period in a mock'~flight cage of dinensions 6" high x 
8" wide X 22” long. The cage was separated by a partition 
into a male compartment (floor area " 8" x 8”) and a female 
compartment (area " 8" x 14"). On Mock flight-day 2 the 
divider was withdrawn and male-female Interaction was 
possible. A similar cage was utilized for the Diet Controls 
(2 females and a male) fed Purina Lab Chow (ad lib). Both 
cages were provided with an open 1/4" mesh floor and solid 
sides. The tops of each cage were punched to provide for a 
movement of air In a vertical pattern* Each cage was 
elevated 2.5” above the waste collection tray to prevent 
coprophagy by the test animals. 

The "Mock”Flight" animals were fed four times per day 
by in j ection of 10 gm aliquots of the USSR Paste diet into 
each of four feeding cups. Competition among the animals 
for the feed was not observed although the animals appeared 
to be ravenously hungry at each feeding time. Feeding times 
were matched to the light cycle (12 hr llght/l? hr dark) by 
rigid adherence to the following schedule: 


0800 “ Lights ON -feed 

1400 “ Mld-polnt Light cycle - teed 

2000 - Feed - Lights Off 

0200 - Light On (2 Minutes) for Feed Adalnlstratlon 
The Control cage was placed on the sane Lab table two 
feet from the Experimental Cage« Room temperaturas varied 
from 22 - 25 C< Room noise was at an absolute mlnlnum* 

Table 1 contains the experimental data generated by 
this Preflight Study. The animals Were housed singly and 
weighed dally at 2000 hours. For the first five days ALL 
animals were fed Purina Lab Chow. Two weeks before mockflight 
the four animals rand omly chosen to serve as experl- 
mentals were switched to the USSR paste diet, receiving 
40 gms/day administered in 10 gm aliquots every six hours. 

The control animals continued on the Purina Lab Chow. All 
animals continued to be weighed dally at 2000 hours. 

On T-2 (June 6) the animals were loaded into their 
respective cages. Each male was placed In the sepafate male 
compartment restrained from the fetnales by a solid metal 
door. Once loaded into the cages, the animals were NOT 
HANDLED again until Recovery (R+O on June 28). On T+2 (June 
10), the metal dividers were renioved. ''Flight’* and^^^^^^ 

" Control" diets and the 12/12 light cycle continued during 
the 18 day mock-flight period. 

Upon "Recovery" (June 28 ), each animal was weighed , 
visually inspected and housed singly with Continuation of 
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respective diet reginen. Visual Inspection revealed healthy 
animals with no signs of fighting in either group and 
confirmed that both of the "Control" females and two of the 
three "Flight" females were past mid-gestation. Births 
occurred on July A (1) and July 15 in the "Flight" group 
and on July 3 and 6 in the "Gontrol" group. Figure 3 
presents a summary diagram of weight profiles for the three 
"Flight" females during this simulation. 

The post-partum decrease in maternal body weight demon- 
strated by E-1 and E-2 failed to show a turn around as was 
observed in both C-1 and C-2. This resulted from two problems: 

1. The continuance until weaning of the Experimental 
animals on the UBSR diet failed to provide adequate 
nutrition for the nursing mothers; 

2. There was competition with the mother by the offspring 
for the administered paste diet. Such toBPttition was 
NOT recognized until E-^1 and E-2 continued to show 
significant weight losses. 

The competition was recognized on R+25 (July 23) and, based 
upon observations in E-3 began about PN Day 8-10. All 
Experimental mothers were subsequently removed ftom their home 




cages for diet admlni>cratl0n> involving an approxiBate five 
minute interval of Beparatlon four times per day* The weight 
losses on all experimental animals continued hut at a reduced 
level* Only E-l failed to recover » becoming conatoBe and 
dying on P+26* 

Cannibalism was NOT a problem in the Experimental group* 
Control mother C~*l destroyed the remaining mambers of her 
litter following litter size reduction on PN-b* Litter size 
reductions Were attempted to balance out the nursing loads 
on the mothers and establish a comparison basis between 
Experimental and Conttol litters (Table 2)* 

The USSR conducted a series of preflight Bioengineeting 
tests that subjected the flight hreeding cage with a nominal 
load of five female and two male rats to a simulated flight- 
duration* These tests Were strictly tests of the Life Support 
systems of the breeding chamber and DID NOT include simulated 
lift-off or recovery stresses* In each of the tests, breeding 
gestation time and litter size/sex ratio was normal (PerBonal 
Communication, Dr* L* V* Serova)* 

COTURNIX JAPONICA 

The preflight testing in the Quail embryology experiment 
consisted of the following pro jects : 

1. Testing of stated pref light/ inf light egg- 
holding temperature • relative humidity and rotation 
conditions On the subsequent development of the 
embryO'S* ; : 
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2. Deteralnatlon of egg viability • fertlllcatlon» 
eabryonlc death ratea arid norBalcy of developnent 
In Coturnlx undet SfANDARD and STATED conditions 

of preflight holding and Inflight holding/ Incubation. 

3. Establlahuent of a aeries of staged Coturnlx 
enbryoa proceaaed as prbpQsed for the Cossos nleslon 
to serve as Grouhd'*based controla. 

Since the actual condltlonB for preflight storage and 
handling were not known until iBBedlately preflight, the 
following paraaeters were utilized for this Berles of tests 
(See Tables 3 and 4). 

A. Incubator teBperalvure ■ 37 C (36* 1 - 37. 8) 

B. Relative hUBldlty ■ 71 +/- If 

C. Rotation of eggs * 3x dally 

D. Prelncubatlon Storage of Eggs: 

1. TeBperatures tested ■ 4-6, 10, 15, 20, 25 C. 

2. Rotation teeteO » none, continuous or 3x dally. 

3. Relative huBldity ■ 40, 60, 70, 80 Z. 

E. Effect of egg freshness was tested by setting 
batches of 100 eggs at selected tlBes (0-14 days) 
after laying. 

^ tests eggs derived from several suppliers 

as well as our own laying flock were utilized. In general, 
the effect of shipping from distant suppliers with unknown 
tlae and storage eondltions enroute led us to base the majority 
of our studies on our own flock. As an exaBple, coBBerclally 



available eggs ahoved a fertility between 2bX to 91«64X 
While our own flock conalatently gave a greater then 9SX 
fertlllty« Similar dlfferencea were obaerved In mortality rateat 
Studlea In our laba on another project Indicated that 
cOntlnuoua rotation of Incubating chick egga produced a more 
rapid development at 2 RPM while rot ctlon at 10 RPM (14,400/day) 
caueed eerlous developmental laga and numeroue examples of 
multiple twinning (Eger and Keefei unpublished results). 

Although not as extensive In scope , our preliminary results 
with Coturnix incubation demonstrate a similar pattern. For 
this reason the CONTINUOUS rotation rate was set to 2 RPM 
for the egg-storage and egg'^rotatlon tests. Me do NOT know 
the rate Of rotation of the egg-rings in the Cosnos 1129 
simulator. 

The USSR conducted basic Bioengineering tests on the flight 
incubator to establish the adequacy of the life support 
systems. These Bioengineering tests DID NOT include simulated 
mechanical stresses of lift-off and recovery (Personal Commun- 
icationi Dr. E. V. Shepelev). 

EXPERIMENT EXECUTION ON COSMOS 1129 
This portion of the report will be subdivided into four 
parts: flight rats/control rats/fllght quail/control quail. 

FLIGHT RATS: The flight breeding chamber with five 
female and two male Czech Wlstar-derived SPF rats was 
loaded into the spacecraft three days before launch (09-22-79). 
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The divider •eparatlng aalee and fenalee vaa reaovcd on 
Che 2nd flight day# he have no reporta of unuaual eventa 
in the hat Ontogeneaia enperlMent and aeauae that the 
tenperature, relative humidityi air flow, waaco handling 
and food adniniatcation ayfiteaa functioned noplnally ea 
ttated* 

Upon recovery (FL/lO-14: SY+VI/10-19) , the ani«ala were 
weighed and viaually Inapected for algna of pregnancy. 

Three of the flight feaalea Were felt to be preghaht 
{ilthough only two deBonatrated a 20% increaae fro* their 
preflight weighta (Table 5). Two other flight feaalea 
ahowed a allghtly lower increaae. The fifth anlaal 
deaona crated a negligible weight gain. However, ALL five of 
the flight feaalea ahowed weight gaina, atteating to the 
adequacy of the 55 gaa/day diet. Both the aynchronoua 
control and vivarium feaalea ahowed Barkedly larger weight 
Increaaea (Table 5). 

The anlaala were tranaferred to the Moscow laboratorieB 
and were housed Individually. Adalnistration of the flight 
paate diet continued but was eupplemented with aiscel- 
laneous vegetables and rat chow. No weights were reported 
for days R4*l, 3, 4, 5 with dally weighings reported f roa R+6. 

The three ‘‘pregnant" flight females and the synchronous 
animals ahowed only slight weight gains (Figures 4 and ill 
compared with the Vivarium control group (Figure 6). When 
no births had occurred by Rtl? and' both the flight and 


X.ABliE S 


WEiaHf CAINS Of RATS PURINC 18*5 DAT fllCHT PERIOD 


FLIGHT 


SYNCHRONOUS 


VIVARIUM 


fEMALESiifelght t (Jl' lncre«i»e) 

I* 55 gta. (191) 76 g»* (28X) 82 gm* (33%) 

2. 52 gm. (20%) 84 ga. (30%) 70 gn. (27%) 


70 gn. (27%) 


3. U gm. ( 6%) 52 gn. (19%) 99 gn. (37%) 

4. 36 gn. (14%) 58 gn. (22%) 95 gn. (33%) 

5. 42 gn. (16%) 42 gn. (14%) 107 gn. (40%) 

*** AVERAGES *** 

39 gn. (15%) 62 gn. (23%) 90 gn (34%) 


I 


K-313 MALES (average galna) : 


46 gn. 


54 gn. 


59 gn. 


(Weight data supplied by Dr. L. V. Serova) 


synchronous fenalea failed to show significant weight 
Increases , the animals were laparotonized and the uteri and 
ovaries photographed. The Intact uteri and ovaries we re 
visually inspected and ’’triangular Inplantatlon sites” and 
"yellow bodies” (Corpora lutea) were tallied by gross 
observation. This data (supplied by Dr. Serova) Is: 



FLIGHT UTERI (BOTH HORNS/THO ANIMALS )t 
26 "lapliiitatloii 
28 "Ttllow bodies" 

SYNCHRONOUS UTERI (BOTH HORNS/TWO ANIMALS): 
23 "Inplsntatlon sitea" 

31 "Yellow bodies" 


The uteri frosi the three "pregnant" flight rats and 
two synchronoua rats were rewoved during anlnial sacrifice 
on Ril?# The preparatlOh of BlcroBcoplc speclnens froB 
these uteri are In process by Or. Serova. Two reialning 
lllght females and the reBelnlng synchronous anlBsls were 
surgically restored and nated after a t>ne~*Bonth recovery 
period. 

The flight Bales were Beted poatfllght with VivarluB 
feBaleB| and samplea of tbe litters prepared as described 
under experlBental Baterlils. The litters froB this pairing 
conalBted of norBal pups With average size and sex ratio. 
Flight Bales were also Bated with the two recuperated 
flight feBales and produced iltters. Samples froB these 
litters have been received and histological studies ate In 
progress* 

The controls for the rat portion of K-^313 
conilsted of both Synchronous and VlvarluB groups. The 
synchronous anlBals consisted of five feaales and two 


■aXei which were houaed in en idcnfcieel hreidins ehaiiher 
end aubXccted Co the flve*‘day delayed •ynchronotia flight 
aieulationf including diet reginen> houaingi lift-^off and 
recovery atrea*<^i'* divider aeparatihg the ■alea and 
fcBalea wa a r amoved at Synchronoua day Z, 

Data on the pre** and poatf light weighta for the 
aynchronoua and vivariuB feBalea haa heen received froB Dr* 
Serova end la preaented in auBBary feahion in Figurea 5 and 
$, NONE of the aynchronoua fenalea prnduced a aucceaaful 
pregnancy •although at least three of theae have subse-' 
quentfy delivered norBal litters of pups* The viVariuB 
animala were houaed in a single cage and all five feBalea 
conceived and delivered litters on a atandard 22-23 day 
gestation* Microscopic analyses of the pups derived from 
the vivarium and postflight breeding of flight and 
synchronous females reveal normal develOpBcnt in the 
peripheral vestibular^ retinal and central nervous systems* 

FLIGHT QUAIL; The 60 fertilized Coturnix eggs Were 
loaded into the Cosmos craft on FD-3 and remained at cabin 
ambient tenperature and relative humidity until FD+7, MO 
rotation of the egg rings was performed during the 
preflight period* 

On FD+7 the incubator was activated and a temperature 
of 37 C with a relative humidity of 70S established* On 
FD+13 (incubation day 6) a failure of the humidifier caused 
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Che relaclye hualdlcy to drop to cahln aibient huBldity^^^^tt 
tha aiavatad taaparature (calculated to he 23-25X R> H* ) • 

During the reentry phase of the flight, 40 of the 60 
eggs were cracked* Analyses of the contents revealed that 
20 of the eggs were either non-fertlle or had failed to 
begin development* Of the remaining eggs, 23 ceased 
development at days 2-4, while 17 developed to day 7. 5 - 12 
stages (Figure 7 ). Representative samples of the dead 
embryos were fixed in Boulns solution and light mleroscoplc 
analysis of serial sections confirms that the one flight 
embryo provided to us had been dead for 12-20 hours but 
had achieved a normal day 10 development In vestibular and 
retinal .development at the time of death* 

CONTROL QUAIL: The synchronous Incubator was loaded 
with 60 eggs at SFD-3 and the egg rings rotated for the 
duration of the synchronous run* NO liftoff or recovery 
stresses were applied NOR was the Incubator humidifier 
deactivated on Synchronous flight day 13 through Synch~ 
ronous recovery* 

The synchronous run produced the’ following results : 

1. One non-fertlle egg. 

2. 18 dead embryos between days 2-6 Incubation* 

3. 19 live embryos at "recovery**(12-day Incubation)* 

4. 14 live/unable to hatch* 

5. 8 hatchlings* 
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M tciroscppiLc analyses of tha Synchronous and Vivsrlun 
Quail show norBsl retinal and vestibular developnent for 
the reapectlve ages of each anlBal (days 10 - 13 )• 

RESULTS AND COMMENTARY 


K-313 RAT ONTOGENESIS : 

The resuTts of the rat ontogeneaia experiment have been 
moat unsettling* 

1. All flight and synchronouB females delivered 
normal litters during the preflight period, thereby 
assuring their fertility. 

2. None of the flight or synchronous control 
females gave birth as a result of breeding that occurred 
during the flight phase of the experiment* 

3. Flight males have subsequently sired litters 

from both Vivarium and postoperative Flight females (see #4) 

4. The one flight and two synchronous females that 
have been bred following surgical examination have produced 
viable litters with a normal size and sex ratio* Pups 
derived from these litters demonstrate'hormal morpho- 
logical development. 

Whatever the limiting factor on the reptoductlve perfor- 
mance of the flight and synchronous females It cannot be 
attributed to direct spaceflight factors. The basic questions 
of whether or not mammalian copulatlcn, Insemination, fertll- 


izatlon, implantation, placentation and embrypganefin are 

f N ( ^ 

poaaible under the Rtreaeful condltiona of 1 Ight remain 

unknownB. 

The Life Support ayatemB for the Rat OntogenesiB experl^ 
ment undecuent extenBive preflight teBting by Soviet Scien^tiets 
In their studies, using flight hardware and housing six 
females/two males in the same volume that would house only 
five females/ two males during the flight phase, normal litters 
resulted with a normal gestation Interval (Pers.Com. , 

Dr. Serova). Our own preflight simulation using a cage-model 
with equivalent volume/animal also resulted in normal births. 
Thus, crowding or an unusual grouping of animals does not 
appear to be a limiting factor. 

Similarly, the air-handling and food/water systems do 
not appear to be responsible factors, in our preflight 
simulations, the daily diet consisted of only 40 gms/day 
while the amount available during the flight phase was 
55 gms/day. It is significant that all female rats showed 
a positive weight response during the flight period but that 
their average inflight gain (39.6 gnis on 94. 5 kcal/ day) was 
less then the average inflight gain of the males from GrbUps 
1-4 (46 gms on 68 kcal/day). Both the Synchronous and Vivarium 
femsles showed a much larger weight increment over their 
Group 1—4 counterparts (See Table 5 and Figure 8). 

Simulations are being carried out by both Soviet 
and American scientists in an effort to determine the restric- 


tlve factor that limited the Rat Ontogenesis eperlment on 
COSMOS 1129r However, only further studies of the processes 
of mammalian reproduction and embryogenesis under conditions 
of spaceflight can assure us that this fundamental and basic 
biological process will not be adversely affected by either 
the direct or indirect stresses of null gravity* 

K-313 QUAIL ONTOGENESIS: 

The Coturnlx phase of K-313 demonstrated the hardiness 
of the Quail embryo under adverse conditions* The fertile 
flight eggs were exposed to at least three days of non- 
rotation at an elevated storage temperature (20-25 C), 
with a low ambient relative humidity, subjected to a set 
of significant lift-off stresses, seven more days of 
elevated storage temperatures before Incubator activation 
and a failure In the flight incubator humidifier on 
incubator day 6 (FD+13). That none of the embryos survived 
beyond Embryonic day 12 Is not surprising. That nearly 
one- third (17/60) developed beyond embrypnic day 6 Is 
remarkable (but see below). 

Based upon examination of the external features and 
analyses of serial light microscopic sections of the 
one flight embryo that we have received (deveiopmental 
stage equivalent to embryonic day 10), development under 
conditions of spaceflight appears to be nt ,jial. 




However, with the elevated preflight end early Inflight 
storage temperatures In this experloient, the Cotdrnlx eggs 
may have been beyond the early stages of cleavage and 
gastrulatlon at the time of lift-off and orbital Insertion. 
These stages are normally Day 1 stages for Coturnlx and may 
have led to a moderately developed embryo by the time of 
incubator activation on Flight Day 7. 

The Coturnlx Synchronous conttol failed to simulate 
either lift-off or the reentry stresses and was maintained 
at the proper relative humidity throughout the entire 
"simulated-flight” Interval and provided steady egg 
rotation during the preflight period. 

Finally, the cause of the breakage of 2/3 of the flight 
eggs must be partially assigned to the failure of the 
flight Incubator humidifier. The drop In relative humldty 
to a level of 23-25 % for a period of 6+ days must have led 
to a dehydration of the eggs and an Increase In the 
fragility of the shell. 
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TABLE 2 

HEySOBN CZECH>UISTAR SFF RAT DATA 


FOSTNATAL E - i 


DAY 

* 

mm 

1“— > 

7 

4.41 

2— > 

7 

7.50 

3 — > 

7 

8.20 

4 — > 

4 

9.43 

5~-> 

4 

9.95 

4 — > 

4 

9.83 

7 — > 

4 

11.23 

8 — > 

5 

13.34 


5 

15.04 

ID— > 

5 

14.20 

U— > 

5 

18.34 

12— > 

5 

20.22 

13— > 

5 

22.58 

14-> 

5 

24.30 

15— > 

4 

27.23 

16»-> 

4 

28.43 

17— > 

4 

30.25 

18— > 

4 

31.75 

19— > 

4 

33.50 

20— > 

4 

35.50 


E 

- 2 

E 

- 3 

* 

AV/UT 

« 

AV/UT 

10 

5.95 

14 

4.79 

10 

4.82 

14 

5.22 

10 

7.81 

14 

5.88 

4 

9.77 

4 

7.25 

4 

10.92 

4 

8.28 

4 

12.77 

4 

9.78 

4 

13.95 

4 

11.15 

5 

15.74 

4 

13,22 

5 

17.72 

4 

15.15 

5 

19.44 

4 

14,03 

5 

21.02 

5 

18.74 

5 

22.44 

5 

20.20 

5 

24.04 

5 

21.80 

5 

25.48 

5 

23.40 

4 

27,55 

5 

24.40 

4 

29,10 

5 

25.40 

4 

31,00 

5 

27.40 

4 

32.50 

5 

28.40 

4 

34.50 

5 

29.20 

4 

34.50 

5 

30.00 


C 

- 1 

c 

*- 2 

* 

AV/UT 

* 

AV/UT 

14 

5.98 

14 

4.09 

14 

7.03 

14 

4.84 

14 

7.93 
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FIGURE LEGENDS 


Figures 3 through 6 have been normalized to display body weights 
of the female rats over Identical time periods, the "Inflight’' period 
Is reflected by the dashed lines since no actual weights were obtained 
during these time periods In any of the groups. 

FIGURE 3 displays the weight curves of three female Czech W1 star 
rats during a prefUght simulation In which they were maintained on 
40 grams/animal/day paste diet. Breeding was possible following cage 
opening on day 22. Two of the animals delivered on day 46 and the third 
on day 57 (see Table 1), Note the slope of the dashed Unas. 

FIGURE 4 displays a plot of weight data from the five COSMOS 1129 
flight females (data provided by Dr. L.V. Serova). Note the slope of 
the dashed lines (Inflight portion) represents a continuaticn of the 
normail growth curve. Although these animals were provided w1-fh a paste 
diet of 55 grams/animal/day they showed only an average 15t weight 
Increase during the flight period. 

The weight decline In the Immediate preflight period is unexplained 
and present in the synchronous and vivarium group data as well. 

FIGURE 5: The weights of the five females of the synchronous group 
also show a continuation of the normal growth curve if the decrease 
Immediately preTlight is ignored. 

FIGURE 6: The five females from the vivarium group demonstrate a 
marked slope during the "flight" period with prominent rises to parturl- 
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tion during the postflight period, Again, note the pref light decline 
In the weights of these animals although they were being maintained 
In the Vivarium. 

FIGURE 7i Summary of the COSMOS 1129 Quail ontogenesis data 
(provided by Dr. E. Shepelev). The solid figures represent dead embryos 
(or non-fertlle eggs), while the open circles at day 12 represent live 
synchronous group embryos at sacrifice. The 22 live synchronous embryos 
at day 18 represent 14 live but unable to hatch and 8 hatchlings. 

Note the presence of 18 flight embryos that had achieved develop- 
ment ages comparable to normal day 8 to day 12 embryos . 

FIGURE 8: A summary graph of the group means from each of the 
female rat groups displayed In Figures 3 - 6. COLUMN 1 Is the starting 
weights; COLUMN 2 is the last prefllght weight; COLUMN 3 Is first 
weights postfllght; COLUMN 4 represents termination weights (either at 
parturition or at maximum weight). The line above each bar represents 
one standard deviation. 

Recal 1 that weights In the preflight (COLUMN 2) period In the 
Flight, Synchronous and Vivarium groups all showed a decrease from the 
previous weighing period. 
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Fetal and Neonatal Rat Bone and Joint Development 
Following In Utero Spaceflight 
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SUMMARY 


Infant rat limb specimens from Soviet and U.S. ground-based studies were 
examined by radiography, macrophotography, histologic sectioning and stain- 
ing and scanning electron microscopy. A comparison was conducted between 
vivarium and flight-type diets suggesting that nutritional obesity may 
adversely affect pregnancy. Data were obtained on maturation of osslf*- 
Icatlon centers, orientation of collagen fibers in bone » tendon and liga- 
ment ^ Joint surface texture and spatial relationships of bones of the 
hind limb. Computer reconstruct^^’^B and hip show promise as 

a means of Investigating the etiology of congenital hip dislocation. 
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INTRODUCTION 

The thrust of this study was altered by circumstances from Che ini- 
tial proposal to investigate effectt 'prenatal exposure to spacaf light 
on rat limb development. Since no litters were born following in-flight 
impregnation. Che only specimens were produced by vivarium and post^ 
flight pregnancies. Although it was not possible to test the experiment 
hypotheses, these specimens have provided insight into developmental 
processes and time sequences. An effort vas made to measure differences 
between groups of specimens attributable to maternal housing, diet or 
stress, which must be compensated for in future mammalian embryology 
experiments in space. 

Spaceflight affords an opportunity to test the contribution of 
gravity to the fetal development or pre-adaptation of limb structures 
essential to weightbearing and locomotion of the postnatal anlmali. Al- 
though mechanisms have been proposed for the detection of gravity vector 
fay Individual somatic cells [1,2], our present hypothesis is that limb 
growth in the near-term fetus is influenced by muscle action and mechan- 
ical loading as in postnatal life. Evidence exists that prevention of 
active motion in utero by genetic muscular dysfunction [3] or Injection 
of pe^elytic drugs [4,5] results in retardation of muscle and tendon 
growth, flattening and adhesion of articular surfaces and failure of 
morphological dif ferentiation of bones ^ Similar ef feiits are seen post— 
natally in cases of joint immobilization [6] , bone resection [7] .nerve 
section [8] and periosteal clrcumsection [9] . Magnitudes of effects of 
lack of gravitational stimuli are not anticipated to be as great as those 
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caused by paralyfls, since fetal muacle action la uninhibited but altered 
from Isotonic to Isometric mode [10] by maternal fluid shift, Internal 
organ displacement, stiOice or activity [11] • Since spaceflight effects 
potentially may be masked by birth order [12], litter size tfSlr mater- 
nal diet [14,15] or stress [16,17]^ knowledge of such variables Is essen- 
tial to the Interpretation of data from specimens exposed to orbital 
conditions. 

Because all specimens received from the USSR were from one week old 
or younger animals, most analytic work «ras concentrated on material of 
this age range. Of 27 variables Initially identified as potentially sens- 
itive to spaceflight effects, 14 were selected for detailed study by hls- 
tomorphometry, polarized light microscopy, scanning electron microscopy 
(SEM) and X-ray photogrammetry. Four variables ware combined for evalu- 
ation using a rat hind limb skelet^^l fiatnrity index published by Hlghes 
and Tanner [18]. 

METHODS and MATERIALS 

Soviet Specimens 

Hind limb specimens dissected and fixed according to the K-314 pro- 
tocol were received from the USSR In two batches. The first group com- 
prised 24 to 36 hour postnatal offspring of matings of flight and synch- 
ronous males with vivarium females; eleven right and four left limbs were 
included, with skin removed to mld-tlbla. Dissection artifacts were con- 
fined to one Instance each of absence of the femoral head, damage to tibia 
muscles and laceration of the foot. State of microscopic preservation was 
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compromised by frseclng during shipment. The second gro^p comprised 15 
hind limbs, divided equally amon|( litters sired by flight, synchronous and 
vivarium males. Age of the flight and vivarium-derived specimens was 
2 1/2 or 3 days postnatal (2A days post-conception) , while the synchron- 
ous litter was 4 days postnatal (28 days post-conception) and had corres- 
pondingly higher body weight. Six specteens were left and nine were right 
limbs, All were grossly normal, except for several cases of foot lacera- 
tion due to forceps pressure during dissection. Two specimens lacked the 
femoral head, while two included the hemipelvis and part of the spine. 

Domestic Specimens 

Both left and right hind limbs of 46 infant Slmonsen Wistar rats were 
obtained at ages of 1 to 15 days. This material was used for refinement 
of tissue processing and analysis techniques. In addition, some animals 
were given prenatal and/or postnatal bone mineralization labels (tetra- 
cyclines [19], lead acetate [20] or trltlated thymidine [21]). 

Dr. J. R, Keefe obtained five Czech Wistar females from the Soviets 
and simulated the Cosmos 1129 housing, diet and mating schedule on three 
females and one male. Offspring were killed at ages of 1 to 13 days and 
fixed in lOX formalin. Of 39 carcasses sent to Ames Research Center from 
this experiment, 27 pairs of hind limbs were processed for histology and 
comprise patt of the baseline data pool for comparison with Soviet speci- 
mens.: 

Ah additional five female Czech Wistars with two males were located 
at Ames Research Center to esCablish a breeding colony. Both hind limbs 
of 30 offspring of this group aged 2 to 24 days were included in thebase- 
■ llne-pool. ^ : 


Diet Comp er jeon 

Three first -generation Czech Wister feasles were fed e paste diet 
pirepared sccprdiAg to the Soviet flight diet recipe* Ingredients differed 
slishtly: the nutrient yeast contained unspecified quantities of vitaiftini 
in addition to those added in accordance with the recipe; also, the sun- 
flower seed oil wa,^ probably lesa viscous than that used by the Soviets, 

The Soviet instructions specified Pasteurization for one hour at 100"C 
following mixing; to reproduce the consistency of samples, it was necess- 
ary to Pasteurize for two hours, followed by refrigeration and blending. 

The female rats were acclimatized to 45 gm/d ay paste diet for 14 days 
before mating, and continued at this level until birth (or Bacriflce if 
birth was d<>layed) . After parturition the dose was increased to 60 gm/day. 
If sacrificed, the females were dissected, abnormalities in internal organs 
and adipose tissue were noted, and the ovaries and uteri were preserved 
in glutaraldehyde-based '’triple fix''. The two remaining flrst-genaratlon 
females, plus second- and third-generation animals maintained continuously 
on standard lab Chow were later sacrificed as controls* 

Histology Processing 

Domestic specimens, consisting of both hind limbs, sacral spine and 
tall, and single Soviet hind limbs were preserved in refrigerated glutar- 
aldehyde-based '’triple fix" [22], After separation into single llnbs^^^^W^ 
cleaning of skin and fat, specimens were superficially examihed and macto- 
photographed at 2X* 

The second step in processing was Contact radiography on Kodak Type 
M film at 38 kV, 225 mA and 1 sec* exposure, using density and dimensional 
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scales on the film [23]. Rsdlogrsphs were used ae references to compensate 
for shrinkage or displacement artifacts during subsequent processing. Mea- 
surements of tlblal and ftmoiral cortical length were made with a lOX mag- 
nifying reticle. Radiographic density was measured using an Image anal- 
ysis system consisting of a Slerrh Scientific camera i Spatial Data Systems 
’’Eyecom 108PT'' video •Kllgltiser terminal and DEC PDF 11/34 computer. Skel- 
etal maturity was evaluated by the method of Hughes and Tanner [18], In 
which shape and relative dimensions of ossification centers In the femur, 
tibia, calcaneum, metatarsals and proximal phalanges are assigned values 
on a scale of 0-15, which are summed to yield a maturity Index for the 
whole limb. 

An optional step wai clearing to render bulk muscle transparent for 
visualization of bones In whole specimens. The method employed was suc- 
cessive changes of IX KOH [24] with alizarin red S added to the last change 
to stain calcified bone [25]; alkali clearing was detrimental to cellular 
microstructure and unable to remove a yellow pigment left by the fixative. 
Further processing was primarily dehydration In graded ethanol solutions, 
clearing in cedarwood oil and paraffin embedding [26], although sample 
specimens Were processed by polyethylene glycol embedding without dehyd- 
ration [27] and by glycol methacrylate embedding [28] to reduce shrinkage 
artifacts. 

Three sectioning orientations Were employed: (a) whole length long- 
itudinal sections, (b) cross-sectlonS after pre-cutting at mld-tlbla and 
mid-femur, and (c) longitudinal sections of hip, knee and foot with tibia 
and femur dlaphyses excised and cross-sectioned. Serial sections were 
typically cut at 10 pm on an AO Model 820 microtome and mounted 5 or 10 per 


■lids with notstlon of any nlsalng isctlonst Stains Ineludad routlna has 
■toxylln-aosin [26], plcro-Sirius Rad F3BA for collagan flbars [29] and 
tolutdine bluc-safranin 0 for nucopolyBaccharides In carcHaga [30] » 

A coaputar program for three-d loans lonal raconstructlon from sarlal 
sectlonB slallar to that pi Sullivan [31] was uaad for qualitative aval- 
uatlon of knee, hip and tlbla->flbula geometry . Ihe input program "RE- 
CONI’' Was written in FORTRAN for uae on the video Image analysis ayatam 
with Input from a Zeiss "Ultraphot" microscope and Cohu Hodel 44O0 camera 
Elements of the video image such as bone, cartilage, ligament or muscle 
were outlined using the Eyecom termlnai Joystick under normal , crossed 
Polaroid or ultraviolet Illumination and the outline vertices were stored 
In disc memory. Approximately every fourth section In a series of up to 
200 sections Was scanned. The output program "RECONO" retrieved the out- 
line data and displayed them as a stack of color-coded filled or outlined 
plane polygons rotated horizontally or vertically at a selected angle. 

Specimens selected for SEM processing were either dehydrated or 
freed from embedding medium, depending on extent of previous processing. 
They were then air-dried from xylene or critical -point dried in OO 2 , 
mounted on stubs using conductive adhesive, coated with 18 nm Ft-Au by 
Vacuum evaporation, and viewed on a AMR Model 1200 scanning electron 
microscope. 


RESULTS 


Diet Comparison 

Of the three animals fed simulated Soviet paste diet, only one car- 
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rlcd a pcagnancy to tarm; th« littei* Included several weak pupa put ol 11 
total. One female either reeorbed early or did not Implant embryoei ehe 
later developed cardlovaacular Icalona thought to be unrelated to diet . 

The third female gained weight until gestation day 21; at aacrlf Ice three 
days later, she was found to have an extreme quantity of abdominal (14.9X 
of body weight) and subdermal fat. Mean wet weight abdominal fat to body 
ratio for females of comparable age fed standard lab chow was 6. A 11.2Hiii 
The uterus was slightly enlarged but no resprblng fethses were evident, 
Indicating resorption occurred earlier than Implied by weight gain. 

Radiographic Measurements 

Data obtained from X-ray Images comprised (a) femoral and tlblal cor- 
tex lengths, (b) skeletal maturity Indices 118], and (c) computer-gener- 
ated optical density histograms, 

Tlblal cortex length (L) for specimens up to 6 days old was found to 
be related to body weight (W) by the regression equation: 

L - .026 W + .25 

with Soviet, Dr. Keefe/S and Ames specimens hawing >9^'% probability of de- 
riving from the same population at ages under 2 dpys. Xn animals older 
than 6 days, ratio of bone length to body Weight declined, ref iectlng in- 
creasing robusticlty and muscle growth [32 1> Ratios of bone length [14 , 33] 
and ash weight [34] to body weight cited In the literature are based on 
caliper measurements of older Specimens with calcified epiphyses, but when 
extrapolated are approximately parallel (Figure 1) . 

Mean skeletal maturity scores are glyen In. Figure 2 and compared to 
scores for black hooded rats given by Hughes and Tanner [18] . The values 
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tot Soviot sp«clMnf «r« dtpretscd 10-15X du« to difficulty of pofltionlng 
cauaod by fixatldn^lnducad rigidity j; an addltionid. radiograph parpandlcular 
to the foot %rould have aided In identifying phalangaa and metataraala. Ba- 
cauae of the anall number of apeclmena» nalaa and fanalea ware included in 
each age groups other reaearchera [16,35] have found females to mature alg- 
niflcantly faater after the tenth poatnatal day, Implying variance would 
be leas if malea and femalea were aeparated. Femoral head and proximal 
tlbial oaalfication centera evident in microscopic aectiona generally did 
not contain enough calcified material to appear on radlographa until timea 
corresponding to publlahed values [3S|36], 

Hiatograms of radiographic denaity baaed on contraat-enhanced areai 
circumscribing Che femur or tibia-fibula (Figure 3) illuatrrte the diffi- 
culty of interpreting density data. In some cases (Figure 4 A, B) a blmo- 
dal distribution may be Inferred, corresponding to marrow and cortex den- 
sities. Triple peaks may reflect densities of marrow, cancellous and cor- 
tical bone, in increasing order (Figure 4 D, II). However, a major source 
of error exists in rotation causing the tibia and fibula to overlap, with 
consequent reduced area and spurious high density peaks (Figure 4 F) . 
Additional artifacts Occurred df the radiographic background was unevenly 
exposed or reflections caused highlights during digitization. 

Gross Observations 

No overt anatomical abnormalities were noted in domestic or Soviet 
specimens. A possible exccsptlon Is histologic evidence of a blood-filled 
cyst in the popliteal region of one Hlstar newborn; this may be merely an 
extreme Variation in the branching of the femoral artery. Three categories 
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of devtlopntntil dcf*ct wore ■p«ci£ically ■pughfci (•) «6tod«rBuil-«ei«n- 
cbynal cpll lnit:Pir«ctlon«i capabJlP of caualng ■kalatiil abaenca [37] » (b) 
coXlagen aynthaala dafacta (chondrodyoplaalaa) daualng bone length retard- 
ation [38] | and (c) late fetal and poatnatal foot defornitiea [39]« The 
apeclmenB vace fixed in a variety of flexed poaitionaj, which prevented 
aaaeBanent of aubtle Joint defecta (e>g.; varua-valgua angle of the ankle) . 

Body weight waa a groaa neaaurement available for all apeciaenai at 
least aa an average for the litter « Figure 5 ahowa weight va. age (poat- 
natal) for valuea from the literature compared to ahimala from Soviet, 

Dr« Keefe and Amea aOurcea. Weights of offspring whose dams were fed 
Soviet paste diet do not differ significantly until after day IS from con- 
trols fed standard diet [AO] . Slight differences between males and females 
are evident at birth, but do not reach s>Matiatlcal significance until day 
30 or 35 [32] I An early paper records birth weights substantially lower 
than some modern strains, implying an effect of selective breeding [Al]. 

■ ■ a- 

Histologic Observations 

Spatial relationship and morphology of bones were im>St easily observed 
in cleared alizarin-stained specimens (Figure 6). Quantitative measure- 
ments of tlbial axis curvature and tibio-fibular fusion were made from 
serial longitudinal or cross -sections, The centroid of the tibia at dif- 
ferent levels from proximal to distal was compared to a Straight line 
thrcugh the centroids of the epiphyseal plates. The centroid of the fib- 
ula was j^itferred to the saiiMt nominal tlbial axis (Figure ?) , gample spec- 
imens ased 2 to 6 days were escamined and indicate that changes during this 
span can be repeatably measured and placed on a time scale from earliest 




appearance of theae bonea through adulthood (42] • Accurate three'*dimin- 
alonal reconatructlone require a referance axle exterior to both tibia 
and fibula; fiducial iarka on the aut face of the paraffin oKbednent [43] 
did not renain in regiater after nounting on alidea. 

Tendon and ligament inaertiona of primary intereat were the patellar 
tendon/tibial creat (Figure 8) the ligaaantum terea/fenoral head and the 
ilio-fenoral liganent/greeter trochanter (Figure 9) ; a aecondary intereat 
waa the Achillea tendon/ calcaneun* Maturation of the inaert ion can be 
neaaured by the location of the inaertion nargina relative to the proX- 
imal or diatal enda of the bone {44] • In aniaala leaa than two daya old 
inaertiona tended to merge with the perichondrium rather than penetrate 
into underlying cartilage or bone. Older inaertiona had gradiial trana-^ 
^^tiona from tendon to fibrocartilagU to bone aa deacribed in the liter- 
ature [45,46]. 

Relative paralleliam or co-linearity of tendon fibera aa well aa lim- 
ited information on croaa-aectional ar^e waa derived from Slrlua Red 
atained longitudinal aectiona under polarized illumination , Patellar 
tendon thicknega was .31 ±.ll mm at 1-2 days and .49 ±.21 at 4 daya, 
implying rapid growth of the quadriempa muscle. The anterior cruciate 
ligament increased in thickness relatively little during this period 
(.15 i.07 va. .17 1.09 am, from mid-sagittal sections of at least 4 Spec- 
imens) . Collagen fiber crimping [47] was seen in tlvc patellar ligament; 
fibers in the anterior cruciate were straight as a result of fixation 
flexion, and in the posterior cruciate were often folded out of the sec- 
tion plane.; 

Articular cartilage is considered to be sensitive to alterations in 
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CQBpreisive str^sB and motion [6]. Thickness and structure of the srtt- 
culsr layer are distinguished from deeper hyaline cartilage by staining 
properties [48] and direction of collagen fibers [49]. Animals younger 
than 7 days tend to have little difference between articular and adjacent 
periosteal collagen fibers (Figure 10) , while post-ambulatory animals 
have more distinctive orientation and substructure; during the same per- 
iod chondrocyte shape changes frem ovoid to flattened [50] . 

Epiphyseal plate properties of Interest included angle relative to the 
bone axis, width and zone depth (Tible 1) . Widths of distal femoral and 
proximal tibial growth plates Increased as expected with age [51]. The 
depth of all zones (resting, proliferating, hypertrophic ^ primary and 
secondary spongiosa [21]) was not measured, however> the primary (calcif- 
ied cartilage) zone was compared to the sum of the proliferating hyper- 
trophic and primary zones. Both width and depth of the plates increase 
relatively slowly until 9 days of age; after appearance of secondary os- 
sification centers the calcifying cartilage layer is expected to Increase 
relative to the plate as a whole [52,53] although this is not evident in 
these animals. Epiphyseal ossification centers in the femoral head, dis- 
tal femoral condyles and proximal tibia appeared prior to published times 
in about one-third of domestic specimens [35,36], but remained dlsorg- 
aiiized and uncalclfled, consisting of hypertrophic chondrocyte lacunae, 
until vascularization occurred. Angle of the plate relative to bohe axis 
is predicted to change with alteration of force vector across the associ- 
ated joint as the animals become ambulatory [56,57]. The plate angle is 
too indefinite prior to appearance of the secondary ossification center, 
but can be seen in the assymmetry of the proximal femoral plate at the 
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greater trochanter (Figure 9) . 
serial Section Reconstruction 

Computer-generated recpnatructlone were made of up to six tissues of 
the hlp» knee and distal tlbla-flbula. In the knee (Figures II » 12) thla 
technique shows that the menisci are relatively large In annals less 
than three days old, and recede toward the joint capsule wall as they ma- 
ture [58]. The proximal-distal oriented collagen fibers of the capsule 
and patellar ligament as seen under polarized Illumination do not merge 
with the tangential fibers of the menisci, suggesting that the latter are 
under radial pressure or hoop stress [59], The patella resides deep to 
the highly linearly oriented tensile fibers of the patellar tendon, which 
continue uninterrupted until Inserting In the tibia! crest [46] ; the loose 
connective tissue surrounding the remainder of the patella spreads out 
in the tlblal and femoral perichondrium. 

Recons ti^uctlons of the tlblal and flbular dlaphyses have been unable 
to depict changes In tlblal axis due to lack of a reference axis, but 
show that the flbular axis Is helical relative to the tibia until It 
approaches the site of Impending fusion [60] (Figure 7). 

The hip is sufficiently complex that six Components were not adequate 
to completely describe It. Hie *'REC0N0" program permits outlining some 
components while Jshadlhg others, to aid viewing the morphology of the 
femur exclusive of surrounding tissue [61] (Figure 13) . The ability to 
vletl the femoral head from various angles Is useful In determining spher- 
icity and congtulty With the acetabular eavlty[ 62] « Other views show the 
llgamehtum teres to insert Into a fossa of the trl-radlate cartilage In 


■ectionB neaa the maximum dlametar of the femoral head, hut to extend 
toward the acetabular labrum In more dletal aectlona (Flguce 14) • 

The coxal ligaments include the illo-^femoral, which with the gluteus 
medlua wraps around the trochanter near the femoral neck axis, to merge 
dorsally with the piriformia and distally With loose fibers spread over 
the acetabular rim [64] (Figure 15). The obturator muscle terminates 
in the conciive area between the femoral neck and trochanter, with facial 
fibers making up part of the Joint capsule between the trochenter and 
acetabular rim. The visceral wall of the innominate consists of highly 
oriented collagen fibers (whether a thickened periosteum or an indepen- 
dent fibrous sheath is uncertain) 1 distinct regions of fibrocartllage and 
hyaline cartilage in neonatal animals (Figure 16) between the Innominate 
sheath and the acetabular socket become merged into bone In the mature 
animal* These structures appear to provide the biomechanical stability 
necessary to the function of the hip and also permit the motion essential 
to development of a rotating rather than sliding Joint. If the ligaments 
positioning the femoral head are weak relative to the tensile elements of 
the acetabulum during this phase, the joint may be predisposed to con- 
genital dlslocatlont 63, 65, 66] .Continued refinement of the computer recon- 
struction technique should aid in determining the critical factors in hip 
development [43] . 

Scanning Electron Microscopy 

SEM is well suited for observation of Joint surfaces, ligaments and 
metaphyseal trabeculae , since shrinkage artifacts aid in exposing these 
regions. Striatlons in the articular surface (Figure 17) indicate that 
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cartilage cella are ahallow and matrix iparaa ralatlva to mature apaclaana 
[49] i Projectlona into the Joint apice were not aeen, Implying that the 
Joints were mobilei, Cells adhering to the surface may have been Intros- 
duced during processing, but more likely were detached synovial lining 
cells or migrating macrophages. The oynovlal membrane could be visuallxed 
but its surface was easily damaged during dissection (Figurd lb). H>e 
texture of the manlscal fibrocarbllage was dlatlnct from adjacent ligament, 
with prominent cell lacunae which could be Indicators of state of mech- 
anical stress [57]. Marrow Cavities In some metatarsals were nearly cell- 
free (Figure 19)i| although pcsslbly a processing artifact, this could 
Imply that marrow cavitation was so recent that blood-forming cells had 
not yet populated the region. Cells of the epiphyseal plate were not ex- 
amined In detail I but were distinguishable as to zone under SEM [d7]» 
similar zones were seen in ligament Insertions [68]. 

DISCUSSION and EECOMMENDATIONS 

Diet Effects 

The results of the simulated paste diet feeding study are equivocal 
due to the small number of animals and possible differences from the 
Soviet paste diet , Feeding studies using actual Soviet diet are contin- 
uing at TlmiesR^ Center. Since both Dr. Keefe's animals and the 

subjects of the Soviet "engineering study" were able to carry litters of 
normal size to term, the diet Is unlikely to be solely responsible for 
lack of viable litters In flight and synchronous Cosmos 1129 females. 
However, the most notable abnormality In the Ames diet study was elevated 


•bdomln«l fat, which wai alao hotad by Pr» Serova In dlaaacfcton of three 
flight femalea# Prallnlnary reaulta of the Coanoa 1X29 body compoaltlon 
atudy [69] ahow vlaceral fat In flight and aynchronous nalea approximately 
double thah In vivarium controla. Wet abdominal fat welghta giyen in the 
Soviet preliminary report are lower aince organ fat ia not included , but 
the ratio la aimilat* Hence, luilea aa well aa femalea arn iUbjject to 
exceaa fat buildup when fed paate diet of thia compoaltlon, 

Although the diet aupporta life and weight gain of anlmala, it may be 
aubtly influencing reaulta of other Coamoa experimiinta comparing flight 
and aynchronoua groupa with vivarium controls, For examplU, an unusunl 
amount of adipose tissue was noted in bone marrow of Cosmos 782 rats [56], 
Besides reducing the cell population av ail able for bene grewth, particul» 
arly in the secondary sponglosa [55] , the volume and precursor cell pop- 
nlation participating in erythrocyte formaclon was probably affected, 

S keletiU. Maturation and Morphology 

Radiography [18] and clearing/ alizarin staining [25] are adequate 
means of quantifying time of appearance and growth of oasification cent- 
ers, These moitphologic Indicators are corroborated by bloohemical meas- 
urements of calcium utilization [70], Abnormality occurrence rates of 
0.5X of normal specimens can be reliably detected [25], 

Our initial presumption that skeletal maturation was unaffected by 
factors other than genetic programming and functional loading exaluded 
a number of significant variebles. In fetal and neonatal rodents, these 
Include: (a) tri-lodo thyronine [71], (b) thyroxine and thlouracll [72] , 

(c) nutritional body weight variations [14], (d) maternal protein def- 


Icianclcf [73] | (•) traniplacental cortisone [74] » ({) pituitary horaones 
[75] and (g) noiaa [16]. In older growing rodents » known factors are: 

(H) hypoxia [76], (1) exercise [771, (]) hypergravity [78], (k) reoerptlon 
inhibitors [54] and (1) chronic vibration [79]. These factors prcsuaMbly 
act by modulating the same routes of cell differentiation and BWtabolioB 
as deterBlne the responses to function and gravity [80,81]. Some or all 
of these factors may be present in fetuses due to the dietary, social or 
physical environment of Cosmos females. Hence, thorough control and pre- 
f light simulation of mission parameters are imperative If gravitatlonel 
responses are to be identified. 

Specimen Processing 

Experience has suggested several modifications of the protocol for 
luitlal specimen acquisition that should be applied to future experiments. 
A single fixative should not be expected to provide Ideal preservation for 
multiple end uses; rather, where rapid fixation Is required, as for SEM 
or TEM, small needle biopsies of regions such as articular cartilage or 
epiphyBesl plate during dissection of fresh tissue, and placed In a min- 
imal volume of "triple f lx" . SEM may alternatively be enhanced by liquid 
nitrogen freezing of articular surface biopsies , followed by freeze-dry- 
Ing [82]. The remainder of the specimen should then be pinned In a Stan- 
dard flexed position and preserved in a simple! fixative such as lOt buf- 
fered formalin; this method would facilitate room-temparature storage 
with less chance of freezing damage In transit. 

In processing of specimens after receipt from the USSR, greater atten- 
tion should be paid to extracting quantitative information from cleared 


•peclmena, and/or ualng clearing methoda laaa danaglng to mlcroatructure. 
No convenient solution has t^een found to the problem of reference axes 
for aerial sections; perhaps biopsy sites or markers affixed to the spec- 
imen surface would suffice. 

The pool of baseline data on body weights, bone lengths and ossifica- 
tion centers vs. age Is approaching the slae at which reliable strain- 
specific growth curves can be established [83|8A]. With standardisation 
of fixed Joint flexure, similar standard curves could be derived for pot'* 
Itlon-sensltlve features such as bone tuberosities and tendon Insertions 
[44*851. 

Because of unknown degrees of sensitivity of bone and Joint maturation 
of Czech Wls tars to such factors as litter size (13,74,86], gestation age 
[32], uterine position or birth order [12] relative to other strains [87] , 
this data should be gathered for all specimens, in additioh to the age 
and weight at sacrifice provided for Cosmos 1129 material. Certainly, the 
environmental parameters to which flight and synchronous control groups 
were exposed, such as noise 116], vibration [79] and possible hypoxia [76] 
should be measured during all future simulations or space missions. 
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FIGURE 2: HINDLIMB SKELETAL MATURITY SCORES 
(MxlBum poMlbl*: 159) 



17 Czech lat, Keefe * 

0 Czech Ret, Soviet * 

-O- Hooded rat, Hughes & Tanner (18 ] * 
* Mean 1 S.D. 
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FIGURE 3f ENLARGED CONTRAST-ENHANCED RADIOGRAPH 

2 day old Keefe Czech Wlstar (KE3.1L) scale In cm. 

The proximal icetaphysls of the femur (F) is denser than 
the distal and is skewed toward the trochanter. The 
tibial proximal metaphysis (PM) is also denser than the 
distal, which overlaps the fibula. The tibial diaphysis 
(D) contains a region of primary osteons. The calcaneal 
ossification center is present (C) ; no secondary centers 
are visible. 
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r FICUHE 5: JUVENILE RAT BODY WEIGHT 



•mat *3qti»A Xpog 
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FIGURE 6: CLEARED ALIZARIN STAINED HIND LIMB 

4 day old Kaafc Csech Ulstar (KCl.llL) 


Modal Int is occurring at tha graatar trochantar (GT) and 
nacaphyaaa of tha famur and at tha tlbial craat (TC) . 

Tha illua (II) and iachium (Is) ara flattanad. Oaslf- 
icatlon cantara of tha foot Includa tha priaary (and 
posalbly aacondary) calcanaua (C) , 4 aetataraals (Mt) , 
and 4 proxiaal and distal phalangaa (P) . Tha aanlacal 
f Ibrocartllaga (M) Is ravaalad by axpanalon of tha 
Joint spaca dua to cartllaga shrlnkaga. 
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FIGURE 7t BONE CURVATURE AND SPATIAL RELATICMSHIP MEASUREMENT 


P-Dt Nominal tiblal axis, through cantrolda of proximal (P) 
and dlatal (D) aplphyaaal plataa 
Tt Cantrold of tlblal croaa-aactlon 

Ft Cantrold of flbular croaa-aactlon 

At Intaraactlon of nominal axla with aactlon plana 
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FICURE 6: CLEARED ALIZARIN STAINED HIND LIMB 

4 day old Keafa Ctach Ulatar (KCl.llL) 

Modal Ing la occurring at tha graatar trochantar (CT) and 
mataphyaaa of tha famur and at tha tlblal craat (TC) . 

Tha Ilium (II) and lachlun (la) ara flattanad. Oaalf- 
Icatlon cantara of tha foot Includa tha primary (and 
poaalbly aacondary) calcanaum (C) , 4 matataraala (Mt) , 
and 4 proximal and dlatal phalangaa (P) . Tha maniacal 
f Ibrocartllaga (M) la ravaalad by expanalon of tha 
Joint apaca dua to cartllaga ahrlnkaga. 
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FIGURE 7: BONE CURVATURE AND SPATIAL RELAIIONSKIP MEASUREMENT 

P>D: Nominal tlblal axi*, through cantrolda of proximal (P) 

and dlatal (D) aplphyaaal plataa 
Tt Cantrold of tlblal croaa-aactlon 

Ft Cancroid of flbular croaa-aacclon 

At Intaraactlon of nominal axla with aactlon plana 



FIGUU 8: KNEE JOINT AND fATELM 

Mcetoii, 10 PM, f lrlUB Nad, polar iicad lllu«lnation 
2 day old Sovlatl Czech WlaitBr ($F3.2L, al. 16) 

Colinaar collagan li aaan to auparllelal patellar <FL) and 
poatarlor cruclafca (PC) llc<uuntat Patalla (P) , Paaiur (F) 
and tlblal (T) cartila|aa ar* not blrafrtotnntt Daap to 
tha patallar llgaMant ia VaatUlar aynovlal (SN> and looaa 
connactlya ttoaua orlglnattog to tha patallar rto. 


FIGURE 9t HIP JOINT 

coronal aactlon, 10 pm, 

1 day old Hlatar (IA2«4d»lLj al. 19) 

Tha dlatal branch 6 £ the llgaewntira tatai (IT) doae not 
join the finoral head at thlp laval* Tha lllo-faaoral ligament 
(I-L) and glutaua madlua (GH) to thi tuperflclal graatar 
trochanter (GT) . The gamallua (Ga) and obturator intamana 
(01) toaart naar the femoral hack. 
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fZGUU lot KMEE AND PROXIHAl^ TZBZA 

para*a|it;t»l •tetion, 10 iia, HAS 
3 day old Kaafa Caach Ntatar (KB2.1L, al. 4) 

At OVERVIEH 

faatjuc 

Tb Tibia (condyla only) 

Fb Fibula 

Jc Joint capaula wall 

M Ntniacua 

EP Diatal lanoral apiphyBaal plata 

B t DETAtl. OP ARTICUIAR SURFACE 

A Articular cart ilata Bona 

H Hyalina aplphyaaal cirtilasa 

P PerichondrlUii 


FIGURE lit COHPUTER RECONSTRUCTION OP KNEE 

60* viav anglap 3 pixala/sactlon apaclng 
3 day old Kaafa Crith Wiitar (KE2>31) 


PL 

Patalar liganant and joint capaula (birafringent) - outlined 

P 

Patella - aolid gray 

M 

Maniacua - whit# 

F 

Femur - outlined 

' T 

Tibia - outlined 

FIGURE 12 i COMPUTER RECONSTRUCTION OF KNIS 

60* 

view angle, 2 pixela/aactlon 

30 hour old Soviat Czech Nit tar (SF3.3R) 

PL 

Patellar liganant > aolid white 

P 

Patella - aolid gKiF 

M 

Maniacua • outlinod 


FIGURE 13 t COMPUTER RECONSTRUCTION OF FEMUR 

1 day old Wistar (TAZ-llDtll) 

FH Fanoral haad cnatilag* * ll^^ gi^ay 

Gcaatar trochantar ar-d (birafrlQgant) - 

Iliad canponant o£ acotabulun * whlta outllna^^^^^^^^^^^^^^ ^ 





TABLE It CZECH RAT EPIPHYSEAL PLATE PROPERTIES (Man i SD) 


SOURCE 

ACE, DIST. FEMORAL 
days PLATE WIDTH, am 

PROX. TIBIA 
PLATE WIDTH 

TOTAL PLATE 
HEIGHT, mm 

CALC. CART- 
ILAGE HEIGHT 

Soviet 

1-2 

.94 



.98 i .08 

.88 



.17 


2-3 

1.23 

i 

.12 

1.11 i .15 






4 





.83 

± 

.11 

.16 ± .04 


6-7 

1.09 

± 

.13 

1.29 ± .13 





Adc« 

9 

1.59 

± 

.22 

1.90 i .32 

1.00 

± 

.05 

.24 i .01 

Schank, at al [54] 

25- 





.51 

t 

.02 


EHDP 

30 





1.85 

± 

.13 


Aallng [55] flight 

85 





.97 

± 

.22* 

.32 i .002* 

aynchronous 






1.34 

± 

.18* 

.55 i .005* 

vivarium 






2.93 

± 

.20* 

.82 ± .002* 


* Bcan i SE 
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FIGURE 14: COMPUTER RECONSTRUCTION QF HIP 

60* vl«w angle, 3 plxcla/section 
30 hour old Soviet Czech Wlstar (SF3.1H) 

FH Fenoral head - gray outline 

IL Illo-femoral ligament (Birefrlngent) - dark gray 
Gm Gemellua and aaaoclatcd Joint capaule (blref.) white 
Arrowe point to aaglttal plane (a) and dla tally (d) 


FIGURE 15: COMPUTER RECONSTRUCTION OF HIP| same apecimen as Figure 14 
~70* view angle, 4 pixels/ section 
FH Femoral head - gray 

LT Llgamentum teres (birefrlngent) - White 

0 Origin in femoral head 

1 Insertion In acetabular labrum 
Ac Acetabular components - gray outline 

Arrows point to sagittal plane (s) and dlstally(d) 


FIGURE 16: (»MPUTER RECONS TRTC OF ACETABULUM (FEMUR OMITTED) 

3 day old Keefe Czech Wlstar (KE2.1L) 

60* view angle, 4 pixels/section 

FC Fibrocartllage (birefrlngent) — light gray 
HC Hyaline cartll,age - dark and medium gray 
IW Visceral wall of ilium (birefrlngent) - white outline 
Ob Obturator group - gray outline 

FIGURE 17: KNEE, TIBIA AND FIBULA, SEM 

1 day old Sprague-Dawley (H4.1L) 

A: OVERVIEW 

FA Popliteal plexus of femoral artery 
PC Posterior cruciate ligament 
Ep Proximal tlblal epiphyseal plate 
SS Secondary sponglosa 

FO Femoral epiphyseal ossification center (hypertrophic) 
Fb Fibula 

Gc Gastrocnemius 

■ Ta Talus ' 

. Mt Metatarsals 

I B: DETAIL OF KNEE ARTICULAR SURFACE AND MENISCU$ 
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FIGURE 18: ANKLE SYNOVIAL TISSUE, SEN (fUM spsclMn •• Flgur* 17) 

TE Distal tltial aplphyaaal cartllaga 
SN Synovial ilai^rana fol4a 
Ta Taiua, cartjTlaga 


FIGURE 19: METATARSAL MEDULLARY CAVITY, SEM 

2 day old Keefe Czech Wlatar (KE2.3L) 

HZ Hypertrophic cell zone of proxlaal aplphyaaal plata 

PS Prlaary epongloaa 

SS Secondary aponglosa 

HM Haaatopoletlc narrov 

DF Distal epiphyseal plate 
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Experiment K 315 
STUDIES OF THE NASAL MUCOSA 


Llsbeth M. Kraft 
Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, California 


SUMMARY 

The posterior regions of the olfactory nasal mucosa of rats 
flown on Cosmos 112^1 failed to reveal hlstopathological changes. 
These results are at variance with those of the Apollo XVII 
Biocore experiment in which severe necrotic olfactory mucosal 
lesions were seen in flight animals only. In the anterior aspect 
of the nasal cavity of the Cosmos 1129 rats, however, focal 
lesions of moderate severity and variable extent were seen. These 
were consistent in character with that of a mild virus infection, 
which,, it is postulated, was self-limiting. The infection was 
present in all groups of animals: flight, synchronous and 
vivarium control. 


INTRODUCTION 


The basis for examining the nasal mucosa of Cosmos 1129 
rats resides in the extensive lesions that were seen in the 
olfactory, but not the respiratory, nasal mucosa of rodents , 
pocket mice (Perognathus longimembris ). in the Biocore experiment 
that flew on board Apollo XVII in 1971. Those lesions, observed 
upon termination of the mission, were not found in any of 
numerous control pocket mice examined. Conjecture as to the 
causation of the lesions did not lead to a satisfactory 
conclusion at that time (1). 

The present study was conducted to determine if similar 
lesions may occur in other rodents as a consequence of 
spaceflight. A further rationale involved the fact that the 
ol factory sense in rodents influences mating behavior (2), and 
successful mating was essential for the rat ontogenesis 
experiment included in the Cosmos 1129 payload. Thus, should 
nasal ol factory lesions develop during flight, with, presumably, 
impaired ol factory sense, they might be a contributing cause of 
fail ure to mate, should that indeed have been the case. If no 
lesions developed in the rats, then the etiology of the 
alterations in the Biocore pocket mice would remain an open 
question. 
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Thfs report Includes only the results of Investigations in 

* 

the CosfifiOx'; 1129 rats* Retrospectiye studies in the Biocore mice, 
stimulated by present results, will be reported separately 
(Kraft, L/M*, l)'Ameiio, F. E., D'Amelio, E., Broderson, R* J., 
and HierhoTzer. in preparation)*^ 

MATERIALS AND METHODS 

Specimens from 54 rats were examined* The number of 
animals and the groups to vdilch they belonged are: 



Days after 


Number of rats 


Group 

recovery 

Flight 

Synchronous Vivarium 



(F) 

(S) 

(V) 

1 

0 

7 

7 

7 

2 

6 

6 

6 

6 

4 

29 

5 

5 

5 

Specimens consisted of the remainder of the head 

after 


removal of brain, pituitary, eyes, and mandible* Cold fixative 
(3% glutaraldehyde, 1% paraformaldehyde, and 0.5% 1,5 difluoro- 
2,4 di nitrobenzene in 0*1 M sodium cacodyl ate buffer, pH 7.3, at 
approximately 900 mOsm) was instilled into the nostrils after 
which the specimen was inmersed in the same fixative and 
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maintained at 4®C. The mean time Interval between sacrifice and 
fixation of the specimens was 19.4 min (U-30 min). 

Upon receipt In the laboratory, excess tissue was tripled 
from the specimen of one flight animal of Group 1, decalcified In 
IW hydrochloric acid In lOf formalin for 7-8 hours at room 
temperature, and processed for paraffin embedding. This was done 
in order to determine if It would be necessary to process the 
tissues of any of the other animals for electron microscopy. 
Subsequently, all specimens were treated In the manner just 
described. 

After decal cl f1 cation, before processing for embedding, 
each specimen was divided coronal ly into three segments. An 
anterior cut was made 2 inn behind the lingual eruption line of 
the incisors, and a posterior cut was made just behind the third 
molar. Sections 6 vun thick were made beginning at thn posterior 
aspect of the anterior sepent and at the anterior aspect of the 
posterior segment. In this way, respiratory mucosa, 
predominating in the anterior, and olfactory mucosa, more 
abundant in the posterior portion of the specimen, could be 
studied without having to make numerous serial or step sections. 

Sections were stained with hematoxylin and eosin (H&E) and 
by the periodic acid Schiff (PAS) method. The middle of the 
three nasal segments was not sectioned. It was retained for 
further processing In the event that provocative results 


requiring confirmation or augnentatlon *rould be found In the 
other sepentSi 

In eval uating the tissues microscopically, slides Mere read 
without knowing the identity of the tissues until all had been 
examined^ Any lesions found were scored on the basis of their 
severity and extent. 

RESULTS 

Olfactory Mucosa ^ Posterior Nasal Segment 

Light microscopic observations In both HSI and PAS 
preparations failed to uncover lesions comparable with those of 
the Blocore pocket mice In this nasal segment of aTl §4 rats on 
Cosmos 1129. The olfactory mucosa appeared entirely normal, and 
the various groups of animals were Indistinguishable from each 
other in this respect. 

Respiratory and Olfactory Mucosa - Anterior Nasal Segment 

In the anterior segnent of the specimen, some Inflairmatory 
foci could be seen in the mucosa, both respiratory and olfactory, 
in all animals. These are depicted In fig. 1 and 2. Assigning 
values from 1 to 3 on the basis of severity and extent resulted 
in the data seen in Table 1. The Individual and mean scores for 
each group of animal s suggest that both the flight and 
synchronous control rats showed the most severe and extensive 
lesions at the time of spacecraft recovery, while all other 


graups did not differ markodly front each other* The method of 
evaluation and the small number of animals per group did not, In 
our opinion, warrant statistical treatment of the results. 

DISCUSSIOM 

Lesions similar to those In the Biocore flight anlmtls were 
not found In any of the Cosmos 1129 rats* Thus It Is clear that 
the etiology of the former Is still In doubt. 

with regard to the nasal lesions 1n the Cosmos 1129 rats > 

It appears that the colony was Infected with a mild respiratory 
disease. Perhaps a pneumonitis might also be found In some of 
the animals* Based on temporal considerations, the infection may 
have been self-limiting, since group* If light and synchronous 
controls showed the highest incidence and severity of lesions, 
group 2 rats were intermediate in this regard , and group 4 
demonstrated predominantly mild lesions. Since the vivarium 
control animals cohabited with each other in standard cages 
throughout the duration of the mission and thereafter whereas the 
flight and synchronous control animals were housed separately, 
they cannot be similarly evaluated. Yet it is clear from the 
incidence of the lesions, that the vivarium controls were 
undergoing an enzootic at the same time, i.e. the infection was 
present in the colony before the flight. 

This is not to say that the animals are not to be 


considered specific pathogen free (SPF), for It Is only 
reasonable to expect SPF animals to become Infected from random 
sources after they leave the SPF environment. In any case, the 
results seem to Illustrate the effect that stress, as exemplified 
by actual or simulated spaceflight, may have on an enzootic 
Infection, even though It may be subcllnlcal In character. 
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IJ TABLE 1 

LESION SCORES - ANTERIOR NASAL SEGMENT 

Rat Number Mean Score 


Group 

1 

2 

3 

4 

5 

6 

7 


If 

3* 

3 

2 

3 

3 

3 

3 

2.86 

2F 

2 

1 

2 

2 

1 

2 


1.67 

4F 

1 - 

1 

1 

1 

1 



1.0 

IS 

3 

3 

2 

1 

3 

2 

1 

2.14 

2S 

1 

2 

3 

1 

2 

2 


1.83 

4S 

1 

1 

1 

2 

1 



1.2 

IV 

2 

I 

1 

1 

1 

2 

C 

1.43 

2V 

2 

3 

1 

1 

1 

2 


1.67 

4V 

1 : 

3 

1 

1 

2 



1.6 


*3 = moderately severe and extensive 
2 = of intermediate severity and extent 
1 - minimally severe and extensive 
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K-316 

EFFECTS OF WEIGHTLESSNESS ON BODY COMPOSITION IN THE RAT 

by 

A.S. Ushakov^, T.A, Smlrnova^i G»C, PlttB^, N* Pace^, and A.H. Smlth^ 

^Institute Of Biomedical Probleoa, Mdacpw 117113, USSR. 

Yoepartment Of Physiology, Schppl Of Medicine, University Of Virginia, 
Charlottesville, VA 22908. 

^Environmental Physiology Laboratory, University of California, 
Berkeley, CA 94720. 

^Department Of Animal Physlplogy, University Of California, Davis, 

CA 95616. 

SUMMARY 

Cosmos 1129 included 5 male rats dedicated to K-316. These were sacri- 
ficed 32-36 hr after recovery, dissected into 3 major compartments 
(musculo-skeletal system, skin, and pooled viscera) and compared with 
5 Synchronous Controls on the ground in flight- type hardware. In this 
comparison the Flight Group showed: a 6.72 reduction in total body 

water probably attributable to a 36.22 reduc<tlon in the extracellular 
compartment, reductions of 6.62 in musculo-skeletal water and 17.22 in 
skin water, an apparent shift of some water from skin to viscera, and 
a 202 reduction in bone mineral mass. Among organ fresh masses there 
was a 7.52 increase in kidneys and a 14.02 decrease In spleen. 


INTRODUCTION 

In genctrali environmental physiology evaluates organlsmlc responses 
to changes In environmental parameters t Among such parameters, change 
In the chronic acceleration field (AG) Is new In an evolutionary sense; 
l.e., physiologically significant changes In G have probably never 
occurred during the evolution of life on earth. While organisms have 
evolved defenses against changes In temperature, altitude, osmotic 
pressure, Insolation, etc., they have had no need or opportunity to 
evolve defenses against AG. Thus, It comes as no surprise that AG 
perturbs body composition to a degree not seen with changes In most 
other environmental factors. 

Among the various body compartments, the fat-free body mass (FFBM) 

In the adult rat resists perturbation by a variety of environmental 
factors, AG being a striking exception (l)u An Increase In AG caused 
by chronic centrifugation results In a prompt decrease In FFBM to a new 
Bteady state level (2), a response which Is not altered by the Ingestion 
of excess calories or protein (3). Thus, body composition parameters 
which resist perturbation by most environmental factors are clearly 
sensitive to AG. 

Weightlessness represents a virtual extinction of the acceleration 
field. It is of basic physloXoglcal Interest and has obvious applicabi- 
lity to space medicine. We report here on the body composition responses 
of the adult rat to weightlessness of 18.5 days duration. 

METHODS 

The albino rats used were Wlstar-derlved males, specific pathogen 
free, from the colony of the Institute of Experimental Endocrinology 


of th« Slovakian Academy of Sciences, Bratislava, Csechoaloyakla and 
a>S 4 days old and 30A~318s|^ody nass at launch, Five of these ware 
placed in the spacecraft (Flight Group) and five In fllght^-type hardware 
at terrestrial gravity (Synchronous Control Group), The cages for 
individual rats wore cylindrical, 9^5 cm. diameter and 26 cm, long. 

Body wastes were carried to a trap by air flow. The Synchronous Control 
Group was subjected to the physical transients of launch and reentry. 
These transients were presented serially rather than simultaneously and 
with a 6-day lag behind the Flight Group, 

The rats were fed a balanced diet based on casein, cornstarch, 
sucrose, sunflower seed oil, dried brewers yeast and comprehensive 
mixtures of salts and vitamins with enough water added to make a paste. 
Each rat received lOg of this diet every 6 hours, providing a dally 
ratlpn of AOg or 68.7 kcal (1,72 kcal/g). Virtually all of this was 
consumed. All rats were started on the flight diet 10 days before 
launch* Water was available ad libitum. 

The Flight Group arrived at the Institute In Moscow 32 hours after 
touchdown, having been fed as scheduled during this Interval. Killing 
and dissection began ijmnedlatelyi with the last Flight animal being 
killed ^<3 6 hours after, touchdown and dissected during the succeeding hour. 
Sacrifice was by ethyl ether inhalation. The procedures used for dls-^ 
section and analyses were those developed at the Environmental Fhyslology 
Laboratory, University of California, Berkeley (4). The dissection 
involved separation and weighing Of 15 Individual organs and organ 
systems, l)etermlnation of water content (freeze-4rylng) and of fat 
content (Soxhlet extraction) were carried out separately on 3 major 
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body conpartnenti: skinned, evlsceraced carcsis, i.e. , ntusculO'^skeletal 

system (designated ''carcass*') ; skin, and all other components pooled 
(designated "viscera") . Sunmiation of these 3 compartments yielded 
whole body water» fat, and solids. The dried defatted residues from 
edch rat were ground, combined, and mixed to provide a homogeneous 
whole-body powder for subsequent analyses. Aliquots were analyzed for: 
nitrogen, potassium, calcium, phosphorus, magnesium, and sodium. 

The following calculations were employed (4^). Net body mass • 
total body mass - fur, gut content, and urine. Xntraceilular water 
content ■■ 0.73 x body cell mass. Extracellular water content ^ total 
body water - intracellulaij: water. Body protein « 6.25 x body nitrogen. 
Body cell sass "■ 8.9 x body potassium. Bone mineral «■ 2.93 x body 
calcium. 

The statistical significance of the differences between the two 
groups was evaluated with the t test (6). The criterion for tejectlng 
the null hypothesis was P < .05. 

RESULTS 

Composition of the major body compartments is presented in Table 1. 
In general we shall comment on those differences which are statistically 
significant, in each case considering the relative position of the Flight 
Group. 

The net body mass was reduced 3,9% in the Flight Group. To account 
for this One would consider the two major compartments, the fat and the 
fat-free, while fat did not contribute to the difference, the total 
fat-free body mass Wis reduced 5.8%. The compartment within the fat- 
free mass primarily responsible fOr this was the skin, whiclv was 14 . 6% 


lower In the Flight Group. Changes in Ihe lat-free ns as can he attri- 
butable to either or both water or dry fat-free material (aolids) . In 
this case the reduction in fatrfree skin must be attributed largely to 
a 17. 2X reduction in its water content. But there wee also a 6.6Z 
reduction of water in the carcasS| and carcass plus skin accounted for 
the 6.7X reduction in total body water of the Flight Group. This total 
water reduction appeared to be restricted to the extracellular compart- 
ment and resulted in the following changes in fractional distribution. 

The fraction of the total water contained within viscera of the Flight 
Group went up 7. AX and that within skin went down 11. IX, representing 
a net shift from skin to viscera . Water as a fraction of the individual 
fat-free component masses went down in the total body, carcass, and eklA. 
Finally, body sodium was down 11. 3X and bone mineral (calculated from 
calcium) was down 22. IX in the Flight Group. 

By contrast with the above we see that organ fresh masses (Table 2) 
showed few statiatically slgnif leant changes, l.e., kidneys were increased 
7.5X and spleen was reduced 14. OX in the Flight Group. While these two 
changes corroborate the results obtained by others (7) we have no 
explanation for them. 

DISCUSSION 

Some questions concerning the Yalidity ol these data should be 
discussed. First, did the values reached in orbit represent steady 
States or transients, i.e., was the 18.5 day exposure of sufficient 
duration? Chronic centrifugation of adult rats changes the FFBlf to a 
new lower value which appears to be regulated and is characteristic of 
the new G-lev (2,3) . If one Imposes A, 15G (AC m 3. in this way. 


fche loaa in live naaa nay be 't^SOg end in FFBM *V/30g and both are completed 
within 10 daya o£ expoaure. In the preaent caae the change in acceler- 
ation provided by the miaaion waa AIG. It appear a highly probably 
that by the end of the 18.5 day expoaure there waa a ateady atate in 
body compoaition. 

Second, did the 32-36 hr a. at terreatrial gravity between recovery 
and aacrifice evoke a reveraal of the condition typical of weightleaa- 
neaa? The chronically centrifuged rata upon return to IG ahow a 
reveraal of the centrifugation- induced changea. During the firat 7 daya 
at IG they regained '^'701 of the live maaa loat at 4.15G (2). It appear a 
reaaonable that they might have regained XS-20% in the 1 1/2 daya being 
considered here. Thiii, while the changes reported in Table 1 m^i^^ 
have been greater If recorded just before reentry, we believe they 
reflect true effecta of weightleaaneas. 

One response reported in rats during the aecond day after reentry 
from earth orbit was an edema of skeletal muscles observed histologically 
(8). This should increase the carcass water content. If this response 
was present in our Flight Group, it did not offset the observed reduction 
in carcass water (Table 1). 

The agreement between our rat data and those observed in weightless 
man gives us further confidence In the validity of our observations. 
Following exposure to weightlessness both species showed: a loss In 

total (or net) body mass (9), a loss in bone mineral (10), a loss In 
total body water (11) , and a loss In extracellular fluid volume (11) . 

The data In Table 1 can be used to make several additional calcu- 
ations as checks on reliability and Internal consistency, as follows. 
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Thi prot«ln fraction of th« fnt-fr«« bo4y calculattd |ro« T«hl« 1 1» 
21,7% for th« flight ind 20,9% for thn Control Group. Tho vnluo ro- 
portod for adult rnto at IG la 22.0% (12), Tha roductlon In bona 
nlnaral found In tha flight Group can ha calculatad f ro« althar cal'* 
clutt or phoaphorus (13) i and tha valuaa obtalnad (»22.1% and -18,2% 
raapectlvely) are In agraoBant, Changaa In axtracallular fluid voluma 
can be calculatcid fro» changaa In body aodlUB, flight Group nlnua 
Control Group yielded -0.037g of sodlua correapondlng to -ll»5g of 
extracellular water. This agrees well with the flight Ctoup reduction 
In total body water (-lA.Og), 

finally, our results support: the validity of the rat aa an exper 

Ifliental model for gcayltaclonal studies (since It obviously responds 
physiologically to unloading from gravity), and the usefulness Of the 
body Composition approach to gravitational physiology. 
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TABI£ 1. Coapositloa of aajor body coapartaeats 
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Body Hagnesium 0.117 3.1 0.X19 11.5 —0.002 —2.0 0.72 

Bo^ Sodium + 0.290 4*8 0*327 3.1 -0.037 -11,3 0.001 

Body Potassium 0*905 5.4 0*836 6.6 40.069 48.3 0.069 

Body Calcium 4 2.86 7.8 3.67 10.5 ^.81 -22.1 0.003 
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SUMMARY 

Bone resorption was measured directly In flight and synchronous 

control rats during Cosmos 1129. Continuous tracer administration 

techniques were used, with replacement of dietary calcium with Isotop- 

Ically enriched ^^Ca and measurement by neutron activation analysis of 
48 

the Ca released by the skeleton. There Is no large change In bone 

resorption In rats at the end of 20 days of spaceflight as has been found 

* ■ ■ ■ ■ 

for bone formation. Based on the time course of changes , the measured 
20-2556 decrease in resorption Is probably secondary to a decrease in total 
body calcium turnover. The excretion of sodium, potassium and zinc all 
Increase during flight, sodium and potassium to a level 4-5 times control 
values. 
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INTRODUCTION 

Calcium metaboHstn is altered In weightlessness. Bone loss occurs and 
urinary cal cljum output is Increased in humans (1) and there Is a slgnlifl* 
cant decrease of tibial bone formation rate in young rats (2.3). These 
changes which occur during spaceflight are similar to changes observed in 
Immobilized humans (4.5) and monkeys (6). but the underlying causes of these 
changes are not known. A primary defect In the development of Immobiliza- 
tion osteoporosis In adults appears to be an unexplained Increase in bone 
resorption coupled with a mineralization defect, leading to a rapid loss of 
bone. The sequence of metabolic changes which occurs after this postulated 
Increase In bone resorption includes a slight increase In serum calcium and 
phosphorus. The homeostatic response to this change In serum calcium Involves 
changes In circulating levels of parathyroid hormone and the active metabo- 
lites of vitamin D. Calcium turnover and urinary calcium output Increase. 

This Increased calcium excretion coupled with a decline Intestinal cal- 
cium absorption produces a strongly negative calcium balance. In paralyzed 
patients and bed-rested subjects, this process appears to be self-limiting. 
Following the initial rapid loss of bone, calcium turnover and urinary out- 
put decrease to below-normal values. This chronic phase of Immobilization 
osteoporosis appears to be a state of rarefied bone with a low turnover rate. 
Remobilization In adults does not appear to completely correct the bone mass 
defect, so that adult bone loss due to immobilization or weightlessness may 
be Irreversible. 

The characteristics of Immobilization osteoporosis are quite different 
In young, growing patients or animals. Bone turnover in a juvenile skeleton 


is qualtutively different from thet in an adult skeleton. Adult bone is 
characterized prinwrily by remodeling activity, in which existing bone is 
resorbed by osteoclasts and then replaced by osteoblasts, with no net change 
in bone mass or spatial orientation of the bone. In contrast. Juvenile bone 
changes are con^osed of two processes: T) growth and modeling, and 2) re- 
modeling, The growth and modeling component includes periosteal apposition, 
endosteal resorption and apposition, and growth in the epiphyseal -metaphyseal 
regions of the bones, and dominates bone turnover until the skeleton matures, 
During this time of growth, bone formation exceeds bone resorption by a 
significant amount so that net body calcium balance is positive. Little 
data exists on the quantitative values of bone formation and resorption in 
Juveniles, and even less on the effects of immobilization or weightlessness 
on these parameters. Experiments on previous Cosmos flights have shown 
that bone formation in the tibia is depressed in young, growing rats (2), 
but no direct information has been obtained about bone resorptioni or any 
of the other calcium metabolic parameters such as exciretion, absorption or 
net calcium balance. The basis for the present study was to determine the 
response of calcium homeostasis and bone to weightlessness. 

Calcium tracer kinetic methods were used in this study, using non-radio- 
active calcium isotopes as tracers. Natural calcium is a mixture^of the 
stable isotopes in varying percentages, with ^®Ca making 

up the largest fraction (96.94^). The other stable calcium isotopes, are 
present in relatively small amounts, such as ^®Ca at 0.0033^ and ^^Ca at 
0.185%. Natural calcium can therefore be considered a bulk Isotope (^®Ca) 
labeled with small quantities of stable isotopic tracers (^®Ca,^®Ca), In 
this way, one can consider also that all the skeletal calcium of man or any 


other anInMl 1$ labeled with these stable isotopic tracers* and bone break- 
dwn or resorption can be measured directly If one measures the rate of re- 
Tease of one of these tracers from bone Into the serum/extracellular fluid 
pool. The only continuous sources of calcium Into the serum pool are bone 
and the diet (Fig. 1). In the normal situation* both bone and dietary calcium 
are made up of natural calcium* and thus both are labeled with stable Isotopic 
tracers such as ^®Ca. If one removes ^®Ca from the diet* however, then it Is 
distinguished from bone calcium by this lack of tracer. This Is done by re- 
placing natural dietary calcium with i sotopical ly-separated -.100^ ^®Ca, As 
calcium is excreted from the serum* It Is replaced by calcium coming from both 
bone and the diet* but the only source of ^®Ca Is the bone. Therefore* the 
amount of ^ Ca In the serum or muscle will fall to a value which represents 
the fraction of calcium turnover coming directly from bone (Fig. 2). 

The primary measurements made In the Cosmos 1129 tracer studies were 
the ratio of Ca to total calcium In muscle (or serum) and the excreta . 
Continuous tracer administration calcium kinetic methods were used. Bone 

resorpti on was measured directly as the release from the skeleton of the 

48 

stable calcium isotope Ca. Endogenous calcium excretion was also measured. 
The excretion of sodium* potassium* magnesium and zinc was determined to com- 
pare with the calcium results as an Indicator of overall mineral homeostasis. 

METHODS AND PROCEDURES 

Subject material 

A total of 10 rats were used in this study: 5 rats from the flight group 
killed immediately postflight (lFl-5) and their 5 synchronous controls (TSl-5). 
Specimens received from the Soviets following flight were the rib cage (left 
and right sides) from each animal and approximately 50% of each 2-day excreta 





collection frotn each animal. A total of 10 rib, cages and 102 fecal specimens 
were received. The muscle from each rib cage was used as an Indicator of 
tracer activity In the serum bec/iuse It has been shown that muscle calcium 
equilibrates rapidly with seriim calcium In tracer studies (7). 

Diet preparation 

In order to use the continuous calcium tracer methods outlined In the 
Introduction, natural dietary calcium had to be replaced with stable, 
Isotopically-separated ^°Ca. The major source of calcium In the Soviet 
flight paste diet was calcium carbonate (CaCOj). When the diet was prepared 
for the IF and IS groups of rats, the natural CaCOj was replaced with the 
chemically Identical %aC 03 (99.99U ^°Ca, < O.OOU ^®Ca). This diet was 
Indistinguishable from the normal paste diet except in Its ^®Ca content 
which was approximately zero. Animals were started on this diet at the time 
of loading into the flight hardware. 

Sample preparation 

Approximately 50^ of each 2-day pooled excreta collection was received 
dry In a polyethylene vial. These specimens represented pooled urine and 

feces due to the manner In which excreta collection was done. Virtually all 

.. .. ..... . 

calcium excretion In the rat Is through the feces , however, with less than 
1 mg/day In the urine. For this reason separation of urine from feces in 
calcium metabolic studies Is not critical and for the purposes of this study 
the pooled excreta will be referred to as "feces". Each sample was weighed, 
ground in a mortar and pestle, and dried at 110°C. An al Iquot of the dried 
powder was accurately weighed (+0.1 mg) Into a crucible for ashing. 0.1-0. 2 
gm of feces was used, depending upon amount received for each sample. Feces 


were ashed at 600*^C for 48 hours and the ash was weighed (+0.1 mg). The ash 
was dissolved in i2N HN 03 > taken to dryness, and the residue dissolved in 
HNO 3 and dtluted to either 25 ml or 50 ml depending on sample size. This was 
the stock solution on which mineral and calcium tracer measurements were made. 

The rib cage (left and right sides) of each animal was received frozen. 
The specimens were thawed and the Intercostal muscles were dissected out from 
between the third and eleventh ribs. Extreme care was taken in the dissec- 
tion to be sure that no cartilage or bone Was included in the muscle samples. 
To do this only 60-70% of the total musculature was used. Rib cages from left 
and right sides of each animal were treated as separate specimens, providing 
a total of 20 samples. Each muscle specimen was placed into a crucible, dried, 
weighed, ashed at 60Q°(^ and weighed again to determine ash content. The ashed 
samples were then dissolved in HNO 3 for tracer analysis. 

Tracer and chemical analysis 

Total calcium, magnesium, sodium, potassium and zinc were determined 
in each fecal sample solution using atomic absorption spectrophotometry. 

Results were expressed in terms of mg of each mineral per gram of dried 
fecal material and total mg per 2 -day collection period. 

A 10 ml aliquot of each stock fecal solution was taken for calcium 
tracer measurements. The sample was adjusted to pH 4-5 with 8 N NH^OH. 

3 ml of saturated ammonium oxalate ((NH^) 2 C 20 ^) was added to each solution 
to precipitate calcium as £ 30204 . Solutions were centrifuged and super- 
nate discarded. The precipitate was washed , redissolved and reprecipita- 
ted, washed again and finally dissolved in 4 N HNO 3 . 1.00 ml of this solution 

40 

was used for neutron activation analysis determination of Ca content, and 



and total calcium was determined by atomic absorption on an aliquot of the 
remaining solution. 

40 

Neutron activation analysis for Ca was done at the Berkeley Re- 
search Reactor, University of California, Berkeley. Each prepared sample 
was paired with a standard containing a known quantity of ^%a and Irradiated 
in the ilexorabbit facility of the BRR for 10 minutes at a thermal neutron 

■ * 

flux of 1,0x10- cm"^sec'"V. ^®Ca (t*s 8.7 minutes) was produced by the reac- 
tion ^®Ca(n,Y)^^Ca. Two minutes after Irradiation, the samples were counted 
for 5 minutes (real time) with a high efficiency Ge(L1) detector coupled to 
a 4096-channel pulse height analyzer. Standards were counted In the same 
geometry Immediately after the sample count was completed. Live counting 
time of the system was determined using pulser electronics. The Intensity 
of the 3084 keV photopeak from ^ Ca was determined In each spectrum using the 
ccmiputer code SNA?0. The quantity of ^ Ca in each specimen was determined 

from sample and standard photopeak Intensities, decay times and counting 

48 

times, and the known standard mass of Ca. 


RESULTS 

The results of the mineral analyses of the excreta calcium, magnesium, 
sodium, potassium, zinc and ash are presented graphically in Figure 3. 

Each data point Is the mean of the values obtained for the 5 rats In the 
flight and synchronous control groups . The points are plotted In 2-day col- 
lection periods without correcting for actual endogenous excretion periods. 
Results are expressed In mg per gram of dried feces for the minerals and 
percent of dry feces for ash. Total fecal material excreted by flight and 
control groups was not significantly different when averaged over the whole 
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f If ght period (10 collections), When averaged over collection periods 2-9 » 
however, the synchronous control animals excreted approximately 141^ more 
feces than flight animals (1,24 g/day vs, 1,09 g/day). 

Bone resorption expressed as the fraction of the exchangeable calcium 
pool coming from bone was 0.690 + 0,089 In flight animals vs, 0,675 + 0,085 
In controls, measured at the end of the flight period. Fecal excretion of 
^^Ca/total Ce was 0.159 + 0.011 for the flight rats and 0.157 + 0.006 for 
control rats at the end of the flight period, Endogenous excretion of cal- 
cium. based on the measured ^%a/total Ca ratio and measured total calcium 
excretion was 29.0 + a.lyg ^®Ca/day In flight animals and 37.4 + 3, 2ug ^®Ca/ 
day In control animals. Bone resorption rate at the end of the flight period 
was 15.7 mg Ca/day In the flight rats and 20.2 mg Ca/day In the controls. 

DISCUSSION 

Bone formation In rats Is known to be decreased during spaceflight, In 
normal mineral homeostasis, a decrease 1n bone formation will lead to a 
decrease In bone resorption as well, so that bone mass will be maintained. 

If bone resorption el ther proceeds at Its normal rate or Increases, then 
bone mass will be lost at a rate which Is proportional to the difference 
between formation rate and resorption rate. Estimates of the kinetics of the 
decrease In bone formation In the rat during spaceflight (3) suggest that 
formation decreases linearly with time, finally virtually ceasing at 11-12 
days of flight. In contrast, the kinetics of bone resorption measured during 
this experiment as calcium excretion (Fig. 3), suggest that the breakdown of 
bone In flight rats Is maintained at the same level as In control rats until 
10-12 days Into flight, then starts to decrease, reaching a level which Is 
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20-251 below that for synchronous controls at the end of the flight period. 

It Is significant that resorption normalized by calcium turnover does not 
decrtase during flight, so that the decrease seen In the bone resorption 
rate Is probably secondary to a decrease In total body calcium turnover. 

These results Indicate that In rats during spaceflight, as In Immobilized 
humans, bone formation and bone resorption are uncoupled, and the difference 
In their rates should lead to significantly less bone mass for flight animals 
compared to controls. Of particular Interest may be the fact that while the 
bone resorption rate decreases during flight, It Is still 75-8031 of normal 
at the end of flight. This may Indicate that bone loss on even longer flights 
will continue unless some method can be found to either turn off resorption 
completely or turn on formation again. 

The excretion of minerals other than calcium show some Interesting 
patterns. Sodium and potassium are virtually Identical In their excretion 
with a consistent rise even until the end of flight when levels were 4-5 
times normal . Whether this Is decreased absorption or Increased endogenous 
excretion Is not known, although a rise of this magnitude would be expected 
to be due to Increased excretion. Zinc excretion Is the most consistent of 
all the elements In the control rats, and In the flight rats shows a rapi d 
rise followed by a gradual fall back to near-normal values. 

The continual Imbalance of bone formation and breakdown and the large 
excretion of other minerals from the body during spaceflight Indicate that 
mineral homeostasis does not adapt to weightlessness at least within the 
time frame studied In this experiment, and that the long-term consequences of 
weightlessness are nob yet known. 


435 


ACKNOWLEDGEMENTS 

The authors thank the many Soviet Scientists* and especially Dr# Y. « 
j^ndratyev* for carrying out the special procedures and preparlhg the special 
diet used for this experl ment« 


REFLUENCES 

1* Whedon GD* L Lutwak. PC Rambaut, HW Whittle, MC Smith, d Reid, C Leach, 

CR Stadler, OD Sanford, 1977# Mineral and nitrogen metabolic studies, 
experiment M071 . In Biomedical Results of Skvlab. NASA SP-377, p 164-174. 

2. Morey ER and Dj Bay link. Inhibition of Bone Formation During Space 
Flight. Science 201:1138-1141 (1978). 

3. Holton EM, RT Turner, DJ Baylink. 1978. Quantitative Analysis of Selected 
Bone Parameters. In Final Reports of US Experiments Flown on the Soviet 
Satellite Cosmos 936 . NASA TM-78g£5i p 135-178. 

4. Heaney RP. Radlocalclum metabollsin in disuse osteoporosis in m^n. 

Amer. J. Med 33:188-200 (1962). 

5. Mlnaire P* P Meunler, C Edouard, J Bernard, P Courpron, J Bourret. 
Quantitative histological data on disuse osteoporosis. Calcif. Tiss. 

Res . 17:57-73 (1974). 

6. Cann CE and DR Young. Calcium metabolism In disuse osteoporosis In 
monkeys: continuous tracer and pulse tracer kinetics (abst). Calcif. 

Tiss. Internat . ^:162 (1979). 

7. Cann CE: Unpublished results. 



V| 



Vf 


Figure 1. Schematic representation of calcium movement In the body. Calcium 
enters the serum pool from bone and Intestine and leaves via the urine* feces* 
and bone formation, 
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Figure 2. Disappearance of ^®Ca from the serum of a monkey with time after 
elimination from the diet. Asymptotic value represents the fraction of 
exchangeable calcium coming from bone (6). 


437 




MUNMAl UCKTIdN IN AAlt PUMNO SAACMWHr 
(Dry ww l f M bMN) 

fum 

fSOMTBOb 



Figure 3. Excretion of Ca» Mg. K, Na, and Zn by flight and control rats 
All values are expressed on a dry weight basis ^ 





